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ABSTRACT
EsxA and EsxB are co-secreted as a heterodimer and have been shown to play critical roles
in phagosome rupture and translocation of Mycobacterium tuberculosis into the cytosol. Current
in vitro studies support a model in which the EsxA:EsxB heterodimer is dissociated upon
acidification, which might allow EsxA insertion into liposome membranes. While the membrane
permeabilizing activity (MPA) of EsxA has been well characterized in liposomes composed of dioleoyl-phosphatidylcholine (DOPC), the MPA of EsxA:EsxB heterodimer has not been detected
with the DOPC liposome. In this study, we established a new in vitro membrane assay to test the
MPA of EsxA and EsxB. We established that a dose-dependent increase in anionic charged lipids
enhances the MPA of EsxA and EsxA:EsxB. The creation of a new liposome system made it
possible to characterize the MPA of EsxA:EsxB at physiological temperature (37 °C). We have
shown for the first time, the stabilizing role of EsxB in the MPA of EsxA at 37 °C. Encouraged by
these findings, we tested the pH-dependent dissociation of the heterodimer. In previous studies,
we have found evidence that EsxA is Nα-acetylated and that Post Translational Modifications
(PTMs) play a role in the pH-dependent dissociation. However, we have not yet obtained direct
evidence that the heterodimer dissociates upon acidification. Here, we designed two FRET assays
to show the direct association of EsxA and EsxB at pH 7 and acidic pH. After which, we confirmed
our results by comparing the association and kinetics of the non Nα-acetylated heterodimer (EsxA
T2A: EsxB) with the EsxA:EsxB WT. Finally, we investigated the effects of EsxB C-terminus on
EsxA:EsxB MPA. The C-terminus of EsxB C terminus plays a role in heterodimer co-secretion
and attachment to monocytes. This suggests that the EsxB C terminus may be involved in the MPA
of EsxA:EsxB. We have generated a C-terminal truncated EsxB mutant and used to test of the role
of EsxB C terminus in EsxA mediated membrane disruption. In summary, this study established a
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new in vitro liposome model system that characterizes the MPA of EsxA:EsxB and the role of
EsxB as a stabilizing protein at 37 °C.
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CHAPTER I. INTRODUCTION AND SIGNIFICANCE
1.1 Mycobacterium tuberculosis, an old known pathogen
Tuberculosis (TB) is an infectious disease, with 10 million cases spreading throughout the
world during recent years (WHO, 2020). The disease has drawn much attention due to the
emergence of multidrug resistant bacterial strains and the host susceptibility to co-infections with
other pathogens, like HIV. TB is transmitted through inhalation of Mycobacterium tuberculosis
(Mtb) aerosols. The cellular and molecular mechanisms of Mtb pathogenesis have not been fully
understood. It is widely accepted that alveolar macrophage is the major target of Mtb infection.
Mtb is phagocytosed into the macrophage, and at the early stage of infection Mtb arrests
phagosome maturation and remains inside the organelle, and at the late stage of infection Mtb
escapes from the phagosome and translocates into the cytosol for replication (Pethe et al., 2004;
Philips & Ernst, 2012; Wong et al., 2011).
1.2 The Type VII secretion system and their function in Mtb infection
The Type VII secretion system (T7SS) is a protein transport machinery in mycobacteria
(Stanley et al., 2003). It is well documented that T7SS is required for Mtb to establish a successful
infection (Abdallah M. Abdallah, Nicolaas C. Gey van Pittius et al., 2007; Ates & Brosch, 2017;
Fishbein et al., 2015; Gröschel et al., 2016; Sampson, 2011), Mtb has five different T7SS systems
encoded in 5 clusters, named ESX-1 to ESX-5. ESX-1 has been widely studied by several research
groups due to its relationship with Mtb virulence (Pym et al., 2003; Simeone et al., 2012). More
recently, several ESX-5 substrates have been found responsible for modulating host immune
responses (Ates et al., 2015; Bunduc et al., 2020). The genes encoding ESX-3 are necessary for
Mtb viability, and their function is related to iron and zinc uptake (Serafini et al., 2013)(Stoop et
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al., 2012). ESX-2 and ESX-4 are not essential for Mtb virulence and scarcely described (Bunduc
et al., 2020).
1.3 Structural components of the ESX systems and their roles in Mtb pathogenesis
The ESX systems are composed of structural proteins and substrates. All ESX systems
have the same structural proteins, except for ESX-4 that has only three Ecc proteins. The structural
proteins are anchored to the inner membrane of Mtb, except for EccA and EspG that are cytosolic
proteins. The activation mechanism of ESX has not been described, nor the proteins across the
outer membrane. Table 1 is a summary for the functions of the structural proteins in the ESX
systems.
Table 1. Structural components of the ESX systems and their functions.
ESX
System
ESX1,2,3,5

Gene

Protein

Function

Reference

eccA

EccA

(Bunduc et al.,
2020; Ekiert et
al., 2014; Phan
et al., 2018)

ESX1,2,3,4,5

eccB

EccB

ESX1,2,3,4,5

eccC

EccC

ESX1,2,3,4,5

eccD

EccD

ESX1,2,3,5

eccE

EccE

ESX1,2,3,4,5

mycP

MycP

EccA is a conserved structural ESX component that is not
bound to the membrane. EccA is involved in proteinprotein interactions. Some studies have shown that EccA is
related to the substrate secretion of ESX-1 and ESX-5.
Furthermore, it has been proposed that EccA might
dissociate from EspG, another structural protein that has a
chaperone role with PE/PPE substrates.
EccB is a single-pass transmembrane protein that is in the
periplasm. EccB has an elongated domain in the shape of a
distorted propeller that might work as a molecular gate.
Modeling and docking studies hypothesize that EccB has
an ATPase activity and transports substrates from the
periplasm to outside the cell.
EccC has multiple flexible domains named nucleotidebinding domains (NBD). Protein export is triggered by the
binding of NBD to the ESX substrates. It is hypothesized
that EccC triggers conformational changes in EccB and
EccD for substrate transport.
EccD is a transmembrane protein that forms the core of the
ESX with EccB and EccC. EccD interacts with EccC DUF
domain. The DUF domain is an NTP-like domain present
in EccC that is located adjacent to the EccC NBDs.
EccE is the outermost external protein of the ESX system
and lacks catalytic activity. It is hypothesized that it is
necessary for the ESX functionality due to its close
interaction with EccC and EccD.
MycP is a membrane-bound subtilisin-like serin protease.
MycP is not part of the ESX core membrane complex but
might stabilize the ESX. Attempts of co-purifying MycP
without the membrane complex result in unstable
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(Bunduc et al.,
2020)(Wagner
et al., 2016)(X.
L. Zhang et al.,
2015)
(Bunduc et al.,
2020)(Famelis
et al., 2019)
(Bunduc et al.,
2020; Famelis
et al., 2019)
(Beckham et
al., 2017;
Bunduc et al.,
2020)
(Bunduc et al.,
2020; Ohol et
al., 2010; van
Winden et al.,
2020; Van

ESX1,2,3,5

espG

EspG

distinctive sub-complexes. MycP is not required for Mtb
survival but is critical for virulence.
EspG is a conserved chaperone of the ESX systems located
in the cytosol. EspG recognizes PE/PPE heterodimer
substrates for secretion. EspG is involved in virulence
independent of EsxA secretion. EspG deletion in Mtb
caused a severe attenuation during infections of cells and
mice.

Winden et al.,
2016)
(Bottai et al.,
2011; Bunduc
et al., 2020;
Phan et al.,
2018)

1.4 The ESX substrates and their roles in Mtb pathogenesis
The ESX substrates are among the most abundant secreted proteins in mycobacteria (Vaziri
& Brosch, 2019). Many of these proteins are secreted as heterodimers that are formed in the cytosol
(Tran et al., 2021). The ESX substrates can be classified in three groups, Esx, Esp, and EP/EPP
proteins. Esx proteins belong to the WxG 100 protein family, which is characterized by a length
of ~ 100 amino acids and contains a WxG motif (Bunduc et al., 2020; Poulsen et al., 2014). Some
of the Esx proteins are the most studied proteins in Mtb, for instance EsxA and EsxB. EsxA and
EsxB are co-secreted by ESX-1 and essential for Mtb virulence (De Jonge et al., 2007). EsxA has
been shown to exhibit a membrane permeabilization activity (MPA) upon EsxB dissociation and
is believed to be responsible for Mtb cytosolic translocation from the phagosomes to the cytosol.
In comparison, EsxB does not have MPA and has been found as an EsxA chaperone (Table2).
Esp proteins are exclusive to ESX-1 and are encoded in the espACD operon inside the esx1 locus (Vaziri & Brosch, 2019). Some Esp proteins affect EsxA:EsxB secretion, while others
regulate ESX-1 substrate secretion (Ates & Brosch, 2017; Bunduc et al., 2020; Ohol et al., 2010).
EspB is secreted as a monomer and multimerizes into a heptamer after secretion (Solomonson et
al., 2015). Other Esp proteins, such as EspA/EspC and EspE/EspF, are secreted as heterodimers
by ESX-1 and function as regulator proteins (Chen et al., 2012; Sayes et al., 2018) (Table 2).
EP and EPP proteins are highly polymorphic and abundant T7SS substrates in Mtb. Both
proteins are named after their conserved proline (P) and glutamic acid (E) at their N-termini. The
3

pe and ppe genes are usually paired in operons, and the proteins form PE/PPE heterodimers (Vaziri
& Brosch, 2019). Secretion of PE/PPE heterodimers is regulated by EspG. The roles of these
proteins are still unknown due to their high variability. However, some PE and PPE proteins have
been found relevant in modulating the host immune responses during Mtb infection (Table 2).
Other PE and PPE substrates have been analyzed through genomic and computational assays that
classify the substrates into five sub-lineages. The classification has allowed to propose putative
roles for these PE and PPE proteins (Fishbein et al., 2015).

Table 2. ESX system substrates and their roles in Mtb pathogenesis.
Gene

Protein

Secretion
ESX
system
ESX-1

Function

Reference

esxA

EsxA
(ESAT-6)

EsxA is a virulence factor that is secreted by Mtb upon
macrophage phagocytosis. Inside the phagosome, EsxA
inhibits phagosome maturation. Later, EsxA can
permeabilize the phagosome membranes, mediating Mtb
escape from the phagosome and translocation into the
cytosol. Furthermore, EsxA induces apoptosis in
macrophages

EsxB
(CFP-10)

ESX-1

EsxB dimerize with EsxA inside Mtb. The C-terminus of
EsxB has a YxxxD/E sequence that is recognized as a
secretion signal. EsxB does not have MPA but functions as
a chaperone to stabilize EsxA at 37 °C.

espA

EspA

ESX-1

EspA forms a heterodimer with EspC. It is proposed that
the heterodimer dissociates once EspC reaches the
anchored ESX-1 membrane components. The secretions of
EspA/EspC and EsxA:EsxB are co-dependent on each
other.

espB

EspB

ESX-1

EspB is secreted as a monomer and digested by MycP.
After digestion, EspB multimerizes into heptamers that

(De Jonge
et al., 2007;
Derrick &
Morris,
2007; Guo
et al., 2012;
MacGurn &
Cox, 2007;
Peng &
Sun, 2016;
Simeone et
al., 2012;
Tan et al.,
2006)
(Bunduc et
al., 2020;
De Jonge et
al., 2007;
De Leon et
al., 2012;
Poulsen et
al., 2014;
Ray et al.,
2019)
(Ates &
Brosch,
2017;
Bunduc et
al., 2020;
Lou et al.,
2017)
(Ohol et al.,
2010;

esxB
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might play a structural role in the ESX-1 system and
regulate substrate secretion.

espC

EspC

ESX-1

EspC is co-secreted with EspA. It has been found that
EspC forms a needle-like filament that crosses Mtb outer
membrane.

espD

EspD

ESX-1

EspD regulates the expression of EspA/EspC. EspD is not
secreted, and its deletion decreases EsxA secretion. It is
proposed that EspD may function as a chaperone of EspL.

espE

EspE

ESX-1

EspE has similar roles as EspA. It is in the cell wall is
related with active peptidoglycan synthesis.

espF

EspF

ESX-1

EspF is a homologue of EspC. However, it is not related to
the ESX-1 substrate secretion.

espH

EspH

ESX-1

espL

EspL

ESX-1

EspH is an EspD homologue. In M. marinum, EspH has
been described as a virulence factor due to its ability to
stabilize the EspE/EspF heterodimer in a similar way as
EspD regulates EspA/EspC
EspL is involved in the intracellular growth of Mtb inside
macrophages. EspL may influence host gene expression by
binding to host DNAs. Recently, it was found that EsL
interacts with EspD and form a multiprotein complex.

pe_pgr33

PE_PGR33

ESX-5

PE_PGR33 is in the cell wall. It modulates host immune
responses by interacting with TLR-2 in macrophages.
PE_PGR33 induces the macrophages to produce TNF-α,
which leads to less cellular uptake and death.

ppe38

PPE38

ESX-5

PPE38 is in the cell wall and upregulates the secretion of
TNF-α and IL-6 in macrophages. These cytokines lead to
a pro-inflammatory response in the host that may induce
the dissolution of granulomas. The pro-inflammatory
response allows Mtb to be disseminated inside the host.
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Solomonson
et al., 2015;
Van
Winden et
al., 2016)
(Ates &
Brosch,
2017;
Bunduc et
al., 2020;
Lou et al.,
2017;
Millington
et al., 2011;
Sayes et al.,
2016;
Sidders et
al., 2008)
(Bunduc et
al., 2020;
Chen et al.,
2012; Sala
et al., 2018)
(Bunduc et
al., 2020;
Sala et al.,
2018; S.
Tiwari et
al., 2019)
(Sayes et
al., 2018;
Stoop et al.,
2012; S.
Tiwari et
al., 2019)
(Bunduc et
al., 2020;
Phan et al.,
2018)
(Sala et al.,
2018; Stoop
et al., 2011,
2012; Tian
et al., 2016)
(Cascioferro
et al., 2011;
Fishbein et
al., 2015;
Zumbo et
al., 2013)
(Dong et al.,
2012;
Fishbein et
al., 2015)

ppe18

PPE18

ESX-5

ppe34

PPE34

ESX-5

pe_pgr62

PE_PGR62

ESX-5

pe4

PE4

ESX-5

pe15 and
pe5

PE15 and
PE5

ESX-3

pe_pgr30

PE_PGR30

ESX-5

PP18 triggers an anti-inflammatory response in the host by
inducing a Th2 environment. It is proposed that PP18 binds
to TLR-2 and induces IL-10 production, which favorizes
the Th2 immune response.
PP34 is secreted and conjugated to the cell wall. PP34
induces the selective maturation of human DC that leads
into a Th2 immune response.
PE_PGR62 plays a role in phagosome arrest. Ms that
expressed PE_PGR62 avoided lysosome phagosome
fusion. It is proposed that PE-PGR62 interferes with INFƴ production in macrophages by downregulating IL-1β
mRNA expression.
PE4 plays a role in Mtb survival during phagocytosis. Ms
that expressed PE4 increased its survival while
phagocytized by macrophages. PE4 expression is
increased at hypoxic and low pH conditions.
PE5 and PE15 are immune-modulatory proteins that help
mycobacterial survival during phagocytosis. Expression of
PE5 and PE15 alters the MAP kinase signaling that alters
the balance of Th1/Th2 cells in favor of Mtb infection.
PE_PGR30 allows mycobacteria to persist and induces an
inflammatory response in the host. Ms that expressed
PE_PGR30 increased its chronic stage survival.

(Nair et al.,
2009)
(Bansal et
al., 2010)
(Fishbein et
al., 2015;
Huang et
al., 2012)
(Fishbein et
al., 2015;
Singh et al.,
2013)
(B. M.
Tiwari et
al., 2012)
(Iantomasi
et al., 2012)

1.5 Characterization of the MPA of EsxA and EsxB in liposome models
EsxA and EsxB have been found essential for Mtb infection as their absence attenuates Mtb
virulence (Berthet et al., 1998; Gao et al., 2004; Guinn et al., 2004; Lewis et al., 2003; Pym et al.,
2003; Renshaw et al., 2002; Sherman et al., 2004; Simeone et al., 2012) (Diagram 1). EsxA and
EsxB form a heterodimer (EsxA:EsxB) that is co-secreted through ESX-1 when Mtb is
phagocytized by macrophages (DiGiuseppe Champion et al., 2006; Guinn et al., 2004; Renshaw
et al., 2002). In previous in vitro studies, in which the liposomes made of 1,2-dioleoyl-sn-glycero3-phosphatidylcholine (DOPC) were used, EsxA protein has been shown to undergo significant
conformational changes and exhibit a strong MPA upon acidification (De Jonge et al., 2007). By
contrast, EsxB does not have MPA and does not undergo conformational changes (Conrad et al.,
2017; De Jonge et al., 2007; De Leon et al., 2012; Ma et al., 2015; Smith et al., 2008). Though
EsxB may not play a direct role in membrane permeabilization, it is required for EsxA secretion
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and act as a chaperone to stabilize EsxA (Aguilera et al., 2020; De Leon et al., 2012; DiGiuseppe
Champion et al., 2006; Lightbody et al., 2008; Meher et al., 2006; Ray et al., 2019).
DOPC is a neutral, fluidic lipid that is widely used to make liposomes. By using the liposomes
made of DOPC, we have successfully characterized the MPA of EsxA. However, the heterodimer
shows little activity in the DOPC liposomes (Aguilera et al., 2020; De Jonge et al., 2007; De Leon
et al., 2012; Ma et al., 2015; Q. Zhang et al., 2016), which significantly hindered our investigation
into the mechanism of the heterodimer-mediated membrane permeabilization. While we have
demonstrated that EsxA alone inserts into the membrane (Ma et al., 2015), the putative pore
structure of EsxA in the presence or absence of EsxB is still unknown. Accordingly, the role of
EsxB in membrane permeabilization remains to be inconclusive. Moreover, the role of the
heterodimer in mycobacterial phagosome escape and cytosolic translocation is still under debate.

Diagram 1. Mtb entry into the phagosome, EsxA:EsxB secretion, and Mtb cytosolic translocation.
Macrophages internalize Mtb through phagocytosis. Mtb arrests phagosome maturation via an ESX-1-dependent mechanism. EsxA
and EsxB are co-secreted into the phagosome upon acidification, EsxA undergoes a conformational change and dissociates from
EsxB, which allows EsxA to penetrate the phagosomal membrane and mediate Mtb translocation into the cytosol. EsxB has no
MPA but functions as a chaperone to stabilize EsxA. The role of EsxB after EsxA pore formation has not been investigated. The
structure of the putative EsxA pore with/out EsxB is unknown.
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Current studies have suggested a model that the EsxA:EsxB heterodimer is dissociated at
low pH to allow EsxA to interact and permeabilize the membrane (Aguilera et al., 2020; De Jonge
et al., 2007; De Leon et al., 2012; Smith et al., 2008). However, the infection of macrophages with
M. marinum has indicated that the acidification in the phagosome does not trigger EsxA:EsxBmediated membrane disruption (Conrad et al., 2017), and there might be other cellular or bacterial
factors involved in this process. Thus, to further elucidate the role of the heterodimer in Mtb
pathogenesis, characterization of the heterodimer MPA in a new liposome system is needed.

1.6 The lipid composition of host membrane affects Mtb virulence
The major lipids in membranes can be classified as phospholipids, sterols (cholesterol in
mammalian cells), and sphingolipids. Lipid molecules create blocks that provide chemical
diversity to membranes. The instauration state in the acyl chains determines membrane fluidity,
and the diverse head group phosphorylation works as a “code” for molecular interactions.
(Antonny et al., 2015; Harayama & Riezman, 2018). Chemical diversity confers specific properties
on lipids, and molecular complexity provides specific characteristics to membranes that affect
lipid-lipid and lipid-protein interactions (Antonny et al., 2015; Harayama & Riezman, 2018;
Sezgin et al., 2017).
Macrophages, dendritic cells, and neutrophils are professional phagocytes that are
specialized in engulfing bacteria (Abramo et al., 2012). Recent studies have found that
sphingomyelin and other host phospholipids play a role in phagocytizing Mtb (Niekamp et al.,
2021). Furthermore, Mtb can recycle/catabolize phospholipids from the host membranes (LarrouyMaumus et al., 2013). When inserted into the host membrane Mtb lipids modify membrane fluidity
(Astarie-Dequeker et al., 2009; Rhoades & Ullrich, 2000). Mtb can anchor to the host membrane
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by using glycolipid phthiocerol dimycocerosates (PDIM). PDIM forms conical structures in the
membrane, which results in endocytosis of Mtb (Augenstreich et al., 2020). Current findings
suggest that host membrane composition and fluidity contribute to the host responses to Mtb
infections.

1.7 Significance
While DOPC is the most widely used lipid for making liposome, we have found that the
DOPC liposome is not an efficient model to characterize the MPA of the EsxA:EsxB (De Leon et
al., 2012) which is probably due to its neutral charge and fluidity. Recently, we have established a
new liposome model with POPC/POPG lipids that have similar properties (e.g., charge and
fluidity) as the inner leaflet of phagosomal membranes. The POPC/POPG liposome has become a
promising model to characterize the MPA of EsxA:EsxB (Ray et al., 2019; Rojko & Anderluh,
2015). We have also shown that EsxA:EsxB structure is more stable than EsxA at 37 °C,
suggesting that EsxB plays a role in stabilizing EsxA before acidification and dissociation.
Therefore, we expect that we can characterize the MPA of EsxA:EsxB as well as the role of EsxB
in the new liposome model at physiological temperature.
Our recent publication has shown that EsxA Nα-acetylation is vital for the MPA of the
heterodimer and mycobacterial virulence, which is presumably due to Nα-acetylation that
facilitates heterodimer dissociation (Aguilera et al., 2020). However, we have not obtained any
direct evidence that the heterodimer is dissociated upon acidification. To directly monitor the
EsxA:EsxB dissociation, we will use Förster Resonance Energy Transfer (FRET), which measures
binding of two molecules within 100 Å. In a previous publication, FRET had been used to detect
the WxG proteins association in aqueous solution (Poulsen et al., 2014). However, the pH-
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dependent dissociation of EsxA:EsxB on liposomes has not been explored. We are interested in
correlating the pH-dependent membrane permeabilization and the heterodimer dissociation. The
results of these assays may help us to understand the mechanism of EsxA:EsxB membrane
permeabilization.
Finally, our research team is interested in the effects of EsxB C-terminus on EsxA:EsxB
MPA. The C-terminus of EsxB plays a role in EsxA:EsxB co-secretion and interaction with
monocytes (Meher et al., 2007; Renshaw et al., 2005). However, the effects of the C-terminus in
the MPA of EsxA:EsxB have not been studied. In this study, we have generated a C-terminal
truncated EsxB mutant and used it to test the role of EsxB C-terminus in EsxA-mediated membrane
disruption.

1.8 Hypothesis
By using the liposomes made of DOPC at room temperature, we have shown that EsxA
possesses an acidic pH-dependent MPA, while EsxB does not have MPA and acts as a chaperone
to stabilize EsxA before acidification (De Leon et al., 2012). We have also shown that the
exogenously added EsxA is internalized into the lung epithelial cells and inserts into the host
membranes within acidic compartments (Q. Zhang et al., 2020). Current studies together support
a model that EsxA and EsxB are secreted as a heterodimer through ESX-1, and upon acidification
within the host acidic compartments EsxA is dissociated from EsxB and inserts into the host
membranes. Till now, however, we have not been able to observe active MPA for the EsxA:EsxB
heterodimer by using the DOPC liposomes at room temperature. Thus, we hypothesize that the
physiological membrane lipid composition and temperature are required for the heterodimer to
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dissociate and to fully exhibit MPA. Moreover, the exact role of EsxB after acidification is still
unclear and requires more studies.

1.9 Specific Aims
Aim 1:
To characterize the MPA of the EsxA:EsxB heterodimer in a novel, physiological-relevant
liposome model at physiological temperature (37 °C).
Aim 2:
To investigate the heterodimer pH-dependent dissociation with FRET.
Aim 3:
To characterize the effects of EsxB C-terminal deletion on the MPA of the EsxA:EsxB
heterodimer.
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CHAPTER 2. AIM 1-TO CHARACTERIZE THE ESXA:ESXB MEMBRANE
PERMEABILIZING ACTIVITY IN A NOVEL, PHYSIOLOGICAL-RELEVANT
LIPOSOME MODEL AT PHYSIOLOGICAL TEMPERATURE (37 °C).
2.1 Introduction
Mtb cytosolic translocation depends upon two major virulence factors EsxA and EsxB
(Berthet et al., 1998; Gao et al., 2004; Guinn et al., 2004; Lewis et al., 2003; Pym et al., 2003;
Renshaw et al., 2002; Sherman et al., 2004; Simeone et al., 2012). EsxA and EsxB form a
heterodimer (EsxA:EsxB) that is co-secreted when Mtb is phagocytized by macrophages
(DiGiuseppe Champion et al., 2006; Guinn et al., 2004; Renshaw et al., 2002). While the MPA of
EsxA has been well characterized with the liposomes composed of DOPC, we have not able to
observe active MPA of the EsxA:EsxB heterodimer with the DOPC liposomes. It suggests that the
DOPC liposome is not an ideal model membrane for the heterodimer. Therefore, we set to develop
a new liposome model at physiological conditions for the study of the heterodimer MPA. While
DOPC has been widely used in studies of multiple pore-forming proteins (Ladokhin et al., 1995;
Rojko & Anderluh, 2015; Sun et al., 2008; Tomita et al., 1992), it has its limitations due to fluidic
and non-charged properties, because the phagosomal membranes are composed of lipids with
different levels of charge and fluidity (Rojko & Anderluh, 2015). Mtb cytosolic translocation may
be mediated by virulence factors that act together. Our recent study has found that the MPA of
EsxA is related to the physical characteristics of lipid membranes, such as fluidity and charge (Ray
et al., 2019). Furthermore, in another study, some of the most virulent strains of Mtb can synthesize
PDIM that modifies the host membrane composition. These membrane physiological changes
enhanced EsxA activity (Augenstreich et al., 2017, 2019, 2020). Thus, the lipid composition of
the host membranes has significant impact on EsxA MPA.
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The EsxA protein used in previous studies was purified from E. coli and lacked mycobacteriaspecific post-translational modifications (PTMs) (Ray et al., 2019). Our recent studies have shown
that the EsxA protein derived from Ms is Nα-acetylated at Threonine 2 residue (Aguilera et al.,
2020). Inspired by these findings, we used Ms-derived EsxA for our studies. We had shown that
the MPA of the E. coli-derived EsxA was highly efficient with a physiologically relevant liposome
model made of POPC/POPG, compared to the DOPC liposomes. In this study, we optimized our
membrane model by titrating the anionic charged lipids (e.g., POPG) to determine the dosedependent effects on the MPA of EsxA. It is important to mention that the POPC/POPG model is
accessible enough to be widely used in other research laboratories to test pore-forming proteins of
intracellular pathogens.
Recently, we have shown that the MPA of EsxA is affected by temperature (Ray et al.,
2019). Early characterization of the MPA of EsxA was performed at RT and 33 C (Aguilera et
al., 2020; Conrad et al., 2017; De Jonge et al., 2007; De Leon et al., 2012; Ma et al., 2015; Smith
et al., 2008; Q. Zhang et al., 2016). The melting temperature (Tm) of EsxA is 35 C, so it retains
more than 50% of its native structure at those temperatures, while at the physiological temperature
(37 C) more than 50% of EsxA is unfolded. In comparison, the Tm of the EsxA:EsxB heterodimer
is ~ 57 C, suggesting that the heterodimer is more stable than EsxA at 37 C (Meher et al., 2006;
Ray et al., 2019). Hence, it is imperative to re-investigate the MPA of EsxA and the role of EsxB
in membrane permeabilization at 37 °C.
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2.2 Methods
Lipids:
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), 1-palmitoyl-2-oleoyl-snglycero-3-phosphatidylglycerol (POPG), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2dioleoyl-sn-glycero-3- phosphatidylglycerol (DOPG) were purchased from Avanti Polar Lipids
(Alabaster, AL).

Expression and purification of EsxA and EsxA:EsxB heterodimer
The pMyNT (EsxA:EsxB) plasmid was a generous gift from Dr. Matthias Wilmanns.
Expression of this plasmid in Ms produces Mtb EsxA:EsxB heterodimer with a His6 tag at the Nterminus of EsxB. The heterodimer expressed in Ms also contains mycobacterial native PTMs,
including Nα-acetylation that was described in the previous study (Aguilera et al., 2020). The
pMyNT (EsxAS35C:EsxB) plasmid was generated by site-directed mutagenesis described in a
previous study (Q. Zhang et al., 2016). Protein purification was performed as previously described
(Ray et al., 2019).

Isolation of the Nα-acetylated EsxA from the Ms-produced EsxA:EsxB heterodimer
The EsxA:EsxB heterodimer was separated by using a 6 M guanidine solution. The EsxA:
EsxB-containing solution was concentrated to 1 mL and injected into a 5 mL His trap column,
which was pre-equilibrated with guanidine solubilization buffer (25 mM NaH2PO4, 150 mM NaCl,
10 mM Imidazole, and 6 M Guanidine, pH 6.8). The His6-tagged EsxB was bound to the column,
while EsxA was collected in the flow through. The collected flow-through fractions were
concentrated and extensively dialyzed in a 3 kDa cutoff dialysis bag in a dialysis buffer (25 mM
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NaH2PO4, 100 mM NaCl, and 1 mM EDTA pH 7.4), in which the denatured EsxA was refolded.
The EsxB in the column was eluted with a linear gradient of (10-100 %) of an elution buffer (25
mM NaH2PO4, 150 mM NaCl, 500 mM imidazole, and 6 M guanidine). The eluted fractions were
collected and extensively dialyzed in a 3 kDa cutoff dialysis bag in the dialysis buffer (25 mM
NaH2PO4, 100 mM NaCl, and 1 mM EDTA pH 7.4).

Liposome preparation
In most of our previous studies, characterization of EsxA MPA was conducted in liposomes
made of DOPC, which is a neutral lipid with both acyl unsaturated chains (De Leon et al., 2012;
Ma et al., 2015; Ray et al., 2019; Q. Zhang et al., 2016). This lipid has been widely used to
characterize pore-forming proteins due to their ability to form fluid membranes (Ladokhin et al.,
1995; Liu et al., 1993; Sun et al., 2008). However, we recently found that both membrane fluidity
and charge affected EsxA MPA. Given sufficient fluidity, negative charge significantly enhanced
EsxA MPA. Thus, in this study, a mixture of POPC and POPG were used to prepare liposomes to
mimic the inner leaflet of phagosomes (Bissig et al., 2012; Bissig & Gruenberg, 2013; Chroneos
et al., 2009; Conrad et al., 2017; Gruenberg, 2003; Guha et al., 2007; Kobayashi et al., 2002; Nüsse,
2011; Schmitz & Muller, 1991; Sprong et al., 2001; van der Goot & Gruenberg, 2006; Van Meer
et al., 2008; Vanni et al., 2014). As controls, the DOPC/DOPG liposomes were used to compare
with the new liposomes (Ray et al., 2019). The final lipid concentration is 0.8 mM, and the size of
liposomes is 200 nm in diameter. The PC and PG lipids were weighted and mixed to produce 0.8
mM liposomes with the relative PC/PG molar ratio as 100%/0%, 95%/5%, 90%/10%, 80%/20%
and 60%/40%.

15

Time lapse intensity measurement of EsxA membrane permeabilization by 8aminonapthalene-1,3,6-trisulfonic acid (ANTS)/p-xylene-bis-pyridinium bromide (DPX)
fluorescence dequenching assay
EsxA MPA was measured in real-time by using the ANTS/DPX fluorescence dequenching
assay as described in previous publications (De Leon et al., 2012; Ma et al., 2015; Q. Zhang et al.,
2016). Furthermore, we evaluated the effects of different lipid compositions and temperatures on
the MPA of EsxA:EsxB heterodimer. The lipids were solubilized in 1 mL of chloroform:methanol
(3:2) solution and dried in nitrogen gas. ANTS and DPX were weighted and added to a final
concentration of 10 mM. The mixture of lipids, ANTS and DPX were resuspended in 1 mL of 5
mM HEPES, pH 7.4. The samples were frozen and thawed for 6 cycles. After this, the mixture
was extruded through a membrane with 200 nm pore size for 23 times by using a mini extruder set
(Avanti Polar Lipids, Inc.). The excess ANTS and DPX were removed by passing the sample
through a 5 mL desalting column. The liposome fractions were collected and stored at 4 °C until
use.
The ANTS/DPX fluorescence dequenching was measured in an ISS-K2 multiphase
frequency and modulation fluorometer with excitation at 380 nm and emission at 520 nm. The
liposomes (0.8 mM) containing ANTS/DPX were diluted into 1.35 mL of gel filtration buffer at
pH 7.4, which had 4.76 μM of EsxA or EsxA:EsxB. The liposomes and proteins were incubated
for 15 mins at RT or 37 °C in the fluorometer. Following incubation, the fluorescence base line of
the samples was monitored for 30 sec, and 1/10 volume (150 µL) of 1 M sodium acetate (pH 4.0)
was injected into the cuvette to drop pH to 4.0. The samples were continuously stirred during the
experiment, and crossed polarizers on excitation and emission beams and a 515 nm long-pass filter
were used to reduce the background scatter. The fold changes of ANTS fluorescence with the
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samples were calculated by using the intensity measured with EsxA in DOPC as a control. The
rates of ANTS fluorescence dequenching were calculated in GraphPad Prism by curve fitting,
plateau followed by a one phase association 𝑦 = 𝐼𝐹(𝑥 < 𝑥0 , 𝑦𝑜 , 𝑦0 + (𝑃𝑙𝑎𝑡𝑒𝑎𝑢 − 𝑦0 ) ∗
(1 − 𝑒 (𝑥−𝑥𝑜 ) )). One-way ANOVA was used for statistical significance analysis.

Time lapse intensity measurement of N, N′-Dimethyl-N-(Iodoacetyl)-N′-(7-Nitrobenz-2-Oxa1,3-Diazol-4-yl) Ethylenediamine (NBD) fluorescence for EsxA membrane insertion
NBD is a fluorophore that increases its fluorescence as it transitions from a hydrophilic
environment to a hydrophobic environment. In our previous publications, the NBD-labeled EsxA
S35C was successfully used to directly confirm the insertion of EsxA into the liposome membranes
(Ma et al., 2015; Ray et al., 2019; Sun et al., 2007, 2008; Q. Zhang et al., 2016). In brief, the
purified EsxA S35C was reduced with dithiothreitol (DTT) on ice for 20 mins with a DTT/protein
ratio 250:1. Then DTT was removed from the sample by passing through a desalting column with
the buffer (50 mM HEPES, 150 Mm NaCl, 50 mM sodium acetate pH 8). Then NBD was added
in 20x molar excess and incubated at RT for 2 hours in the dark. Finally, the excess of NBD was
removed by passing the sample through a desalting column. The labeling efficiency for EsxA S35C
was ~ 75%. The NBD fluorescence was measured in the ISS-K2 multiphase frequency and
modulation fluorometer with excitation at 488 nm and emission at 544 nm. The NBD-labeled EsxA
S35C or EsxA S35C:EsxB (1.36 μM) were incubated with 0.8 mM of the liposomes at 4 °C for 30
mins in the buffer (20 mM TrisHCl and 100 mM NaCl, pH 7.4) as previously described (Ray et
al., 2019). The liposome/protein mixtures were incubated for 15 mins at RT or 37 °C in the
fluorometer with continuous stirring. Excitation and emission beams were cross polarized, and a
520 nm long-pass filter was used to reduce the back-ground scatter. After the addition of 1/10
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volume of 1 M sodium acetate (pH 4.0), the NBD fluorescence emission was monitored. The
fluorescence fold of change was calculated for each sample by using the sample EsxA with DOPC
liposome as a control.

EsxB stabilization effect on EsxA at 37 °C
Time lapse intensity measurement of ANTS/DPX dequenching was used to evaluate the
stabilization effect of EsxB on EsxA structure at 37 °C. EsxA or EsxA:EsxB were pre-incubated
at 37 °C for the increasing time lapses (from 0 to 30 mins) before fluorescence measurement. The
EsxA membrane disruption was triggered by acidification as described above. The fluorescence
fold of change was calculated as described above. The experiment was done in triplicates and
replicated at least three times for the statistical analysis. Two-way ANOVA with a multiple
comparison test was used to compare EsxA and EsxA:EsxB after incubation at 37 °C for different
amounts of time. Then, a multiple comparison Tukey-Kramer test was used to find significant
difference for each group.

2.3 Results
Incorporation of negatively charged lipids increased Nα-acetylated EsxA membrane
permeabilization
In our previous studies, EsxA MPA was characterized with the liposomes made of DOPC,
an unsaturated lipid that confers membrane fluidity (De Leon et al., 2012; Ma et al., 2015; Q.
Zhang et al., 2016). Recently, we have shown that while membrane fluidity is required for EsxA
to permeabilize the membranes, incorporation of negatively charged lipids at concentrations
similar to phago-endosomal membranes increases the MPA of EsxA (Steinberg & Grinstein,
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2008),(Ray et al., 2019). Here, we systematically titrated the concentrations of PG lipids relative
to PC lipids to determine the effects of the PG lipids on the MPA of EsxA.
We first used the ANTS/DPX fluorescence dequenching assay to test the liposomes made
of DOPC/DOPG at various molar ratios (%) 100/0, 95/5, 90/10, 80/20, and 60/40, respectively.
Like in our previous studies with EsxA, the MPA of EsxA was significantly enhanced by DOPG
in a concentration-dependent manner. Incorporation of DOPG at 10%, 20%, and 40%
concentration yielded 3.32, 4.82, and 6.4 folds of increase in membrane permeabilization (Fig 1A
and Fig 1C).
Next, we tested the POPC/POPG liposomes at various molar ratios (%) 100/0, 95/5, 90/10,
80/20, and 60/40, respectively. Similarly, the membrane permeabilization was increased in a
POPG concentration-dependent manner (Fig 1B and Fig 1C). We notice that the activity in pure
POPC liposome was lower than pure DOPC, which is consistent with the previous study because
DOPC is more fluid than POPC (Ray et al., 2019). In the liposomes with POPC/POPG at 95/5 and
90/10, the membrane permeabilization by EsxA had a slight increase relative to pure POPC, but it
was sharply increased with liposomes POPC/POPG at 80/20 and 60/40. It is important to mention
that POPC/POPG at 90/10, 80/20, and 60/40 showed a 3.1, 3.4, and 22.2 folds of membrane
disruption rate compared to the DOPC/DOPG 100/0 formulation (Fig 1A and Fig 1D). Thus,
EsxA exhibits a much higher rate of membrane permeabilization with the POPC/POPG liposomes.
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Figure 1. Incorporation of the negatively charged PG into the PC-made liposome enhanced the MPA of EsxA.
(A) The liposomes were prepared with DOPC and DOPG at the indicated percentages. The liposomes were pre-incubated
with the purified EsxA at pH 7 at RT for 15 mins, they were then transferred to a cuvette in a fluorometer, and ANTS
fluorescence was monitored in real-time. The EsxA-mediated membrane permeabilization was triggered by addition of 1/10
volume of 1 M sodium acetate. (B) Similarly, the EsxA-mediated membrane permeabilization was performed on the
POPC/POPG liposomes at the indicated percentage using the ANTS/DPX assay. (C) Relative fold change of ANTS
fluorescence intensity in the DOPC/DOPG and POPC/POPG liposomes. (D) The curves of ANTS fluorescence intensity
were fit into a nonlinear regression (plateau followed by a one-phase association), and the initial rate of membrane disruption
was calculated. The rate of EsxA DOPC at RT was set as a control. SD is represented in the error bars. One-way ANOVA
with multiple comparison test was performed for (C) and (D) (p<0.05) *,(p<0.01) **,(p<0.005) ***,(p<0.0001)**** The
experiment was done in triplicates and replicated at least three times for the statistical analysis.

The new liposome system was validated by NBD fluorescence
To validate the results obtained in the new liposome system, we used the NBD-labeled
EsxA to test the physical insertion of EsxA into the liposomal membrane as an independent
approach (Fig 2). The membrane insertion of EsxA was significantly increased with the liposomes
containing POPC/POPG (%), compared to the pure DOPC and POPC liposomes (Fig 2A and Fig
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2B). The results of membrane insertion measured by NBD fluorescence are consistent with the
results obtained in the ANTS/DPX membrane permeabilization assays (Fig 1).
In summary, we used two independent assays (ANTS/DPX and NBD) and tested the MPA of
EsxA in the new liposome systems made of either DOPC/DOPG or POPC/POPG. We have found
that incorporation of the negatively charged PG lipids enhanced the MPA of EsxA, and it
particularly exhibited higher MPA with the POPC/POPG liposomes.

Figure 2. EsxA membrane insertion was significantly enhanced in the liposome containing POPG.
(A) DOPC/DOPG (%) 100/0, POPC/POPG (%) 100/0, and 80/20 liposomes were pre-incubated with the NBD-labeled EsxA
S35C in pH 7 at RT for 15 mins. Then, they were transferred to a cuvette in a fluorometer, and NBD fluorescence intensity
was monitored in real-time. EsxA membrane insertion was triggered by addition of 1/10 volume of 1M sodium acetate. (B)
Relative fold of change of NBD fluorescence intensity in DOPC, POPC, and POPC/POPG 80/20 liposomes. SD is represented
in the error bars. One-way ANOVA with multiple comparison test was performed for (B) (p<0.0001) **** The experiment
was done in triplicates and replicated at least three times for the statistical analysis.

Characterization of the heterodimer’s MPA in the PC/PG liposomes
EsxA and EsxB are co-expressed and co-secreted as a heterodimer after Mtb is
phagocytized by the macrophage (Renshaw et al., 2002). Current studies have suggested the
heterodimer needs to be dissociated prior to EsxA membrane insertion (De Jonge et al., 2007; De
Leon et al., 2012). We recently showed that Nα-acetylation is required for the dissociation of these
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two proteins (Aguilera et al., 2020; De Leon et al., 2012). However, characterization of the
heterodimer MPA had been a challenge with the DOPC liposomes due to low activity detected by
ANTS/DPX assay. Here, we used the POPC/POPG (%) 80/20 liposomes to test the heterodimer’s
MPA.
The fold change of ANTS intensity of EsxA with the DOPC liposomes was set as the control.
EsxA:EsxB (1:1) had nearly undetectable membrane permeabilization with the DOPC liposomes
(Fig 3). Interestingly, with the POPC/POPG liposomes, EsxA:EsxB (1:1) had a significant increase
in membrane permeabilization, which is about 3 folds of the control. The displayed MPA in
POPC/POPG liposomes was high enough to provide us with a “big window” to titrate the
inhibitory effect of EsxB on EsxA MPA. As expected, EsxB inhibited the MPA of EsxA in a dosedependent manner, indicating that heterodimer dissociation is required for EsxA to permeabilize
the membranes (Fig 3), which is consistent with our previous findings (Aguilera et al., 2020).

Figure 3. The MPA of EsxA was inhibited by EsxB in a dose-dependent manner.
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(A) The purified EsxA was pre-incubated with EsxB at various molar ratios (1:1, 1:2, 1:4) for ON at 4 °C. Then, EsxA and
EsxA:EsxB mixtures were incubated with the DOPC liposome or POPC/POPG (%) 80/20 liposome (POPC/POPG) at pH 7
at RT for 15 mins and then transferred to a cuvette in a fluorometer. The ANTS fluorescence was monitored in real-time.
EsxA-mediated membrane permeabilization was triggered by addition of 1/10 volume of 1 M sodium acetate. (B) Relative
fold change of ANTS fluorescence intensity using EsxA in DOPC/DOPG (%) 100/0 as a reference. SD is represented in the
error bars. One-way ANOVA with multiple comparison test was performed for (B). The experiment was done in triplicates
and replicated at least three times for the statistical analysis.

EsxA:EsxB is more stable at 37 °C than EsxA
Subsequently, we set out to confirm the results in membrane insertion of EsxA and
EsxA:EsxB. We incubated EsxA and EsxA:EsxB (1:1, 1:2, and 1:4 ratio) at RT and 37 °C. At RT,
EsxA MPA was significantly inhibited by EsxB in a dose-dependent manner. This was shown as
a sharp drop even at EsxA:EsxB (1:1) ratio, where the MPA was inhibited by more than 50% (Fig
4A and Fig 4B). At 37 °C, EsxB inhibition of EsxA MPA was less significant, evidenced by a
slow dose-dependent decrease (Fig 4C and Fig4 D). The result suggests that EsxA:EsxB is more
active at 37 °C than at RT.
Earlier, our CD analysis has shown that the Tm of EsxA was 35 °C and the Tm of EsxA:EsxB was
53 °C (Meher et al., 2006), meaning that at 37 °C, EsxA has less than 50% of its native structure,
while EsxA:EsxB have a conserved native structure. It is not clear how the temperature will affect
the MPA of EsxA and EsxA:EsxB. Thus, we tested the MPA of EsxA and EsxA:EsxB at RT (22
°C) and 37 °C. For both EsxA and EsxA:EsxB with the POPC/POPG liposomes, the rate of
membrane permeabilization at 37 °C was much higher than that at RT (Fig 5A and Fig 5B).
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Figure 4. EsxA membrane insertion was inhibited by EsxB, but the inhibition was attenuated at physiological temperature.
(A) The NBD-labeled EsxA S35C and EsxB were pre-incubated with the indicated molar ratios at 4 °C overnight. The
proteins were incubated with DOPC liposome or POPC/POPG (%) 80/20 liposome at pH 7 and RT for 15 mins. They were
transferred to a cuvette in a fluorometer, and NBD fluorescence was monitored in real-time. EsxA S35C membrane insertion
was triggered by addition of 1/10 volume of 1 M sodium acetate. (B) The relative fold of change of NBD fluorescence
intensity of the samples was calculated using the NBD intensity of EsxA S35C on DOPC/DOPG (%) 100/0 liposome as the
control. (C) The NBD-labeled EsxA S35C and EsxB were pre-incubated at the indicated molar ratios at 4 °C for ON. Then
the proteins were incubated with DOPC/DOPG (%) 100/0 liposome or POPC/POPG (%) 80/20 liposome at pH 7 and 37 °C
for 15 mins. They were transferred to a cuvette in a fluorometer, and NBD fluorescence was monitored in real-time at 37 °C.
EsxA S35C membrane insertion was triggered by addition of 1/10 volume of 1 M sodium acetate. (D) The relative fold of
change of NBD fluorescence intensity of the samples was calculated using the NBD intensity of EsxA S35C on DOPC
liposome as the reference. SD is represented in the error bars. One-way ANOVA with multiple comparison test was
performed for (B) and (D) (p<0.001)**, (p<0.0001)**** The experiment was done in triplicates and replicated at least three
times for the statistical analysis.

Interestingly, however, the fold change of ANTS fluorescence of EsxA at RT was lower than
at 37 °C, while the fold change of fluorescence intensity of EsxA:EsxB at RT is lower than 37 °C
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(Fig 5C and Fig5D). This suggests that while EsxA and EsxA:EsxB have similar initial rates of
membrane permeabilization, EsxA:EsxB is more stable and hence remains active longer than EsxA
in membrane permeabilization at 37 °C.

Figure 5. The MPA of EsxA:EsxB is more efficient at physiological temperature of 37 °C.
(A) EsxA and EsxA:EsxB were preincubated with DOPC/DOPG (%) 100/0 liposome and POPC/POPG(%) 80/20 liposome
(POPC/POPG) at either RT or 37 °C for 15 mins. The ANTS fluorescence was monitored in real-time in a cuvette in a
fluorometer. The EsxA-mediated membrane permeabilization was triggered by addition of 1/10 volume of 1 M sodium
acetate. (B) The curves of ANTS fluorescence intensity were fit into a nonlinear regression (plateau followed by one-phase
association), and the initial rate of membrane disruption was calculated. The rate of EsxA DOPC/DOPG (%) 100/0 at RT
was set as a control. (C) Relative fold of change of ANTS intensity of EsxA at RT and 37 °C compared with that of EsxA
DOPC/DOPG (%) 100/0 at RT. (D) Relative fold of change of ANTS intensity of EsxA:EsxB at RT and 37 °C compared
with EsxA:EsxB DOPC/DOPG (%) 100/0 at RT. (E) EsxA and EsxA:EsxB were incubated with the POPC/POPG (%) 80/20
liposomes at pH 7 at 37 °C according to each time point, then membrane disruption was triggered, and ANTS fluorescence
was recorded as described in (A). Relative folds of change of ANTS intensity of EsxA and EsxA:EsxB were calculated for
each time point. 0 min time point was used as a comparison reference. SD is represented in the error bars. One-way ANOVA
was performed for (B)(C)(D)(E) (p<0.05)*,(p<0.00012)**, (p<0.0001)****, Two-Way ANOVA with a Tukey multiple
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comparison tests was performed for (E) (p<0.001)**, (p<0.0001)**** The experiment was done in triplicates and replicated
at least three times for the statistical analysis.

To test this hypothesis, EsxA and EsxA:EsxB were pre-incubated at 37 °C at varying time
frames (0, 5, 15, and 30 mins) and were then tested for membrane permeabilization. The result has
shown that EsxA MPA was significantly decreased as the incubation time at 37 °C increased, while
EsxA:EsxB MPA remained constant over time (Fig 5E). The data suggests that at 37 °C EsxA is
progressively unfolded in solution and loses MPA overtime, and EsxB plays a role in stabilizing
EsxA at 37 °C to preserve its MPA until acidification.

2.4 Discussion
The MPA of EsxA has been extensively characterized (De Leon et al., 2012; Ma et al.,
2015; Simeone et al., 2012). We have shown that EsxA from Mtb exhibits a unique MPA that is
absent in its ortholog from Ms (De Leon et al., 2012). We obtained direct evidence that EsxA
inserts into the liposomal membrane and forms a membrane-spanning structure (Ma et al., 2015).
Most recently, we have shown that the EsxA protein produced in Ms instead of E. coli contains
mycobacterial-specific Nα-acetylation, which is required for membrane permeabilization. Once
Thr2 of EsxA is acetylated, it creates a dragging force that pulls away EsxB from EsxA and allows
heterodimer dissociation in low pH (Aguilera et al., 2020), an event critical prior to membrane
disruption (Aguilera et al., 2020; De Jonge et al., 2007; De Leon et al., 2012; Smith et al., 2008).
Numerous studies have implied that EsxA:EsxB ruptures the phagosome membrane and assists
mycobacterial escape into the cytosol (De Jonge et al., 2007; Guinn et al., 2004; Simeone et al.,
2012; Smith et al., 2008). In the current DOPC liposome model, however, EsxA:EsxB exhibits
little MPA, which suggests DOPC liposome may not be suitable for the characterization of
EsxA:EsxB MPA. The lack of a good membrane model has hindered our understanding of the
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molecular mechanism of EsxA:EsxB-mediated virulence. In this study, we tested a new liposome
system made of PC/PG lipids that greatly enhanced membrane permeabilization by EsxA:EsxB.
The PC/PG liposome is a capable tool to study EsxA:EsxB membrane permeabilization in a
physiological-like condition. The use of PC and PG lipids instead of phosphatidylserine makes
this model accessible to multiple study groups. However, the physiological characteristics of the
phagosome membranes are conserved by using these lipids. We expect that the PC/PG liposome
model contributes to the mechanism of EsxA:EsxB mediated permeabilization into membranes.
Our previous studies have shown that the physical characteristics of membrane lipids can
modulate EsxA interaction with the membranes (Ray et al., 2019). We also identified new
membrane models that effectively capture membrane permeabilization by EsxA at room
temperature. We showed that EsxA has a much higher efficiency of MPA in the presence of
POPC/POPG at (4:1) ratio that closely mimics the inner leaflet of the plasma membrane in terms
of fluidity and charge. In the present study, we have systematically characterized the effects of the
incorporation of negatively charged PG lipids into the PC liposome on the MPA of EsxA and
EsxA:EsxB (Fig 1 and Fig 2). Furthermore, the EsxB titration experiment showed that EsxB
inhibited EsxA membrane permeabilization in a dose-dependent manner (Fig 3). The result is
consistent with the previous findings that EsxA needs to dissociate from EsxB prior to the
membrane disruption (Aguilera et al., 2020; De Leon et al., 2012).
After establishing the new liposome system, we tested the effects of temperature on
membrane permeabilization. Previous studies have shown that EsxB has no specific membrane
interaction, and EsxA:EsxB needs to be dissociated to allow EsxA insert into the membrane
(Aguilera et al., 2020; De Jonge et al., 2007; De Leon et al., 2012; Smith et al., 2008). Here, we
acquired an incremental understanding of EsxA and EsxB interaction at 37 °C. Previous MPA

27

assays were performed either by using the pure DOPC liposome at RT (Aguilera et al., 2020; De
Leon et al., 2012) or sheep Red Blood Cells (RBC) that were incubated at 33 °C (De Jonge et al.,
2007; Smith et al., 2008). Thermal stability of EsxA S35C through CD analysis suggests that EsxA
has a melting temperature around 35 °C, thus at RT or 33 °C EsxA retains more than half of its
native structure. This allows the protein to interact efficiently with the membrane without requiring
EsxB, but EsxA loses more than 50 % of its native structure at 37 °C. Earlier studies have shown
that EsxA:EsxB has a melting temperature around 53 °C; hence it is more stable at 37 °C than
EsxA (Meher et al., 2006). Our experiments showed that EsxA by itself induced lower membrane
permeabilization than the heterodimer at 37 °C (Fig 4 and Fig 5). For the first time, this experiment
captured the role of EsxB in stabilizing the structure of EsxA at 37 °C to achieve optimum
efficiency to permeabilize the membrane. EsxB assists in the maintenance of EsxA structure as a
chaperone that increases the efficiency of membrane disruption and is further evidenced in the
time course of incubation at 37 °C, in which the MPA of EsxA dropped quickly over time, while
the MPA of EsxA:EsxB remained stable (Fig 4 and Fig 5).

2.5 Conclusions
The PC/PG experimental model has enabled us to characterize the membrane
permeabilization of EsxA:EsxB at the physiologically relevant conditions. We conclude that
anionic charged lipids are critical for EsxA:EsxB membrane permeabilization, and EsxB functions
as a chaperone to stabilize EsxA at 37 °C prior to the acidification-driven heterodimer dissociation
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CHAPTER 3. AIM 2-TO INVESTIGATE THE HETERODIMER PHDEPENDENT DISSOCIATION WITH FRET
3.1 Introduction
EsxA and EsxB are two proteins that are major virulence factors in Mtb. These proteins
conjugate as a heterodimer and are co-secreted during infection by Mtb (De Jonge et al., 2007;
DiGiuseppe Champion et al., 2006). Previous publications developed an EsxA:EsxB pH
dissociation-dependent model (Aguilera et al., 2020; De Jonge et al., 2007; De Leon et al., 2012;
Peng & Sun, 2016). It establishes that the low pH (inside acidic phagosomes) triggers a
conformational change in the EsxA:EsxB heterodimer, then EsxA uncouples from EsxB and
inserts into the membrane.
In comparison, structural analysis calculated that the heterodimer is a stable structure that
might not dissociate at low pH (Lightbody et al., 2008). The discrepancies between these reports
might be due to the expression model used to express the Mtb proteins. Recently, our research
team demonstrated that EsxA (expressed in Ms) possesses pH-sensitive PTMs like Nα-acetylation
(Aguilera et al., 2020). The substitution of the Thr2 residue for an Arginine or an Alanine caused
a decrease of EsxA:EsxB heterodimer-mediated disruption of DOPC liposomes upon acidification.
However, the assay did not measure the physical EsxA:EsxB dissociation. It measured the
membrane disruption of each heterodimer instead.
We are interested in obtaining the evidence of EsxA and EsxB physical dissociation to
support our hypothesis. These findings would contribute to understanding the mechanism of
EsxA:EsxB membrane disruption. Previous studies used FRET to show the physical association
between EsxA and EsxB as well as other WxG proteins in pH 7 solution (Poulsen et al., 2014).
However, they did not test the EsxA:EsxB heterodimer dissociation under acidic pH.
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Recently, we have shown the stabilizing effect of EsxB structure 37 °C(Reyes et al., 2020).
Hence, EsxA:EsxB might not dissociate thoroughly prior to membrane permeabilization. We are
interested in correlating the pH-dependent heterodimer dissociation with the MPA of EsxA:EsxB
by a FRET assay with POPC/POPG liposomes. The results may help us understand the mechanism
of EsxA:EsxB membrane disruption in vitro.

3.2 Methods
Expression and purification of EsxA and EsxA:EsxB
Expression of pMyNT (EsxA:EsxB) in Ms produces EsxA:EsxB heterodimer (Mtb) with a
His6-tag at the N-terminus of EsxB. The heterodimer expressed in Ms contains mycobacterial
specific PTMs (e.g., Nα-acetylation) described in the previous study (Aguilera et al., 2020). Protein
purification was performed as previously described (Ray et al., 2019).

Isolation of the Nα-acetylated EsxA from the Ms-produced EsxA:EsxB heterodimer
The EsxA:EsxB heterodimer was separated by using a 6 M guanidine solution. The EsxA:
EsxB-containing solution was concentrated up to 1 mL and injected into a 5 mL His trap column,
which was pre-equilibrated with guanidine solubilization buffer (25 mM NaH2PO4, 150 mM NaCl,
10 mM Imidazole, and 6 M Guanidine, pH 6.8). The His6-tagged EsxB bound to the column, while
EsxA was collected in the flow-through. The collected flow-through fractions were concentrated
and extensively dialyzed in a 3 kDa cutoff membrane in a dialysis buffer (25 mM NaH2PO4, 100
mM NaCl, and 1 mM EDTA pH 7.4), in which the denatured EsxA was refolded. The EsxB in the
column was eluted with a linear gradient of (10-100 %) of an elution buffer (25 mM NaH2PO4,
150 mM NaCl, 500 mM imidazole, and 6 M guanidine). The eluted fractions were collected and
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extensively dialyzed in a 3 kDa cutoff membrane in the dialysis buffer (25 mM NaH2PO4, 100
mM NaCl, and 1 mM EDTA pH 7.4).

NHS ester protein conjugation
EsxA and EsxB were labeled with NHS ester fluorophores and quenchers as described in
Table 3. The proteins were labeled following the labeling of a protein with fluorophores using the
NHS ester derivatization protocol (Nanda & Lorsch, 2014). In brief, 2 mg of EsxA or EsxB were
dialyzed exhaustively in reaction buffer (0.1 M NaH2PO4 /Na2HPO4 pH 7.0, 0.75 mM KOAc pH
7.4, 2 mM DTT). Then, the protein was concentrated in a 5000 mw Vivaspin® to 1 ml (2 mg/mL
final concentration). The protein was incubated with the NHS ester probe for ON at 4 °C in a 1:20
molar ratio (The NHS ester probe was dissolved in DMSO). The reaction was stopped by adding
10 mL of reaction buffer to the labeled protein. Then the protein was concentrated up to 2 mL in
a 5000 mw Vivaspin®. The excess free NHS ester probe was removed by extensive dialysis using
enzyme storage buffer (20 mM HEPES, KOH pH 7.4, 100 mM KOAc pH 7.4, 2 mM DTT). The
protein labeling efficiency was calculated using the following equations.
Concentration of protein =(A280 x CF280) (dilution factor )/(Ɛ x ι)
Concentration of NHS Probe= (A NHS λ x dilution factor) /(Ɛ x ι)
Table 3. Proteins labeled with NHS ester probes and their characteristics to calculate labeling
efficiency
Protein

EsxA

Probe

Alexa

NHS λ

544

CF280

0.12

Ɛ

112,000

546
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Manufacturer

Thermofisher

#cat

Labeling

number

Efficiency

A20002

15:1

EsxB

Alexa

650

0.03

239,000

Thermofisher

A20006

7:1

495

0.11

71,000

Fluoroprobes

1301-5

20:1

495

0.11

71,000

Fluoroprobes

1301-5

4:1

560

0.22

90,000

Fluoroprobes

1700-5

2:1

647
EsxA

AZ Dye
488

EsxA

AZ Dye

T2A

488

EsxB

SY-7

The labeled proteins were stored at -80 °C in dark microcentrifuge tubes until use.
EsxA and EsxB real-time dissociation using FRET
While our previous studies have strongly suggested that Nα-acetylation of EsxA is required
for the heterodimer dissociation upon acidification, direct evidence of heterodimer dissociation at
low pH has not been acquired yet. Thus, we labeled EsxA with Alexa 546 and EsxB with Alexa
647 and directly measured the heterodimer dissociation with FRET.
The heterodimers for FRET analysis were prepared as follows. EsxA-Alexa 546 (final
concentration 0.5 µM) was incubated with EsxB-Alexa 647 for ON at 4 °C in a 1:0, 1:1, 1:2, and
1:4 molar ratio. The labeled heterodimers were resuspended in reaction buffer (0.1 M NaH2PO4
/Na2HPO4 pH 7.0, 0.75 mM KOAc pH 7.4, 2 mM DTT) and incubated at 37 °C for 15 minutes.
Sodium acetate pH 4 (final concentration 0.1 M) was added to the heterodimer samples at acidic
pH. EsxA-Alexa 546 fluorescence was measured in an ISS-K2 multiphase frequency and
modulation fluorometer with an excitation at 556 nm, and the emission spectra were recorded from
550 nm to 750 nm. The samples were continuously stirred during the experiment, 0.5 mm slits,
and crossed polarizers on excitation and emission beams were used to reduce excitation and
emission light intensity. The relative fold change of fluorescence intensity was calculated using
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the EsxA-Alexa546 1:0 value at 673 nm. One-way ANOVA was used for statistical significance
analysis.

Test binding of EsxA Alexa 546 and EsxB Alexa 647 by native gel electrophoresis
We used native gel electrophoresis to confirm the binding of EsxA Alexa 546 and EsxB
Alexa 647. EsxA Alexa 546 (1 µM) was incubated with EsxB Alexa 647 (1 µM) for ON at 4 °C.
An EsxA:EsxB WT unlabeled heterodimer was included as a control. The samples were applied
to native gel electrophoresis, followed by Coomassie brilliant blue staining.

Measure heterodimer dissociation by using a fluorophore/quencher pair
The real-time association was difficult to record using the protocol described in previous
studies by other research teams (Poulsen et al., 2014). Thus, we designed an assay using the
fluorophore AZ488 and the quencher SY-7. SY-7 is a fluorescence quencher molecule that reduces
fluorescence between 500-600 nm. EsxA was labeled with AZ-488 and EsxB with SY-7. The
heterodimer fluorescence was recorded at 522 nm (AZ-488 peak). The heterodimers were
reconstituted as follows. EsxA (WT, T2A)-AZ488 (final concentration 0.5 µM) was incubated
with EsxB SY-7 ON at 4 °C in a 1:0, 1:1, 1:2, and 1:4 molar ratio. The labeled heterodimers were
resuspended in reaction buffer (0.1 M NaH2PO4 /Na2HPO4 pH 7.0, 0.75 mM KOAc pH 7.4, 2 mM
DTT) and incubated at 37 °C for 15 minutes. Sodium acetate pH 4 (final concentration 0.1 M) was
added to the heterodimer samples at acidic pH. EsxA-AZ488 fluorescence quenching was
measured in an ISS-K2 multiphase frequency and modulation fluorometer with an excitation at
490 nm, and the emission spectra were recorded from 500 nm to 700 nm. POPC/POPG liposomes
(800 mM) solved in gel filtration buffer at pH 7.4 were added to the cuvette to correlate
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heterodimer dissociation and membrane permeabilization. The samples were continuously stirred
during the experiment, and the 0.5 mm slits and crossed polarizers on excitation and emission
beams were used to reduce excitation and emission light intensity. The relative fold change of
fluorescence intensity was calculated using the EsxA-AZ488:EsxB 1:0 fluorescence at 522 nm.
One-way ANOVA was used for statistical significance analysis.

Kinetic dissociation of EsxA AZ-488 and EsxB SY-7
EsxA pH-dependent dissociation from EsxB was recorded in real-time at 522 nm. The
heterodimers were reconstituted as follows. EsxA (WT, T2A)-AZ488 (final concentration 0.5 µM)
was incubated with EsxB SY-7 ON at 4 °C in a 1:0, 1:1, and 1:2 molar ratio. The labeled
heterodimers were resuspended in reaction buffer (0.1 M NaH2PO4 /Na2HPO4 pH 7.0, 0.75 mM
KOAc pH 7.4, 2 mM DTT) with POPC/POPG liposomes (800 mM) at 37 °C for 15 minutes. The
cuvette was introduced into the fluorometer with continuous stirring at 37 °C. Fluorescence
quenching was measured in an ISS-K2 multiphase frequency and modulation fluorometer with an
excitation at 490 nm, and the emission was recorded at 522 nm for 150 seconds. After 30 seconds,
sodium acetate pH 4 (final concentration 0.1 M) was added to the heterodimer samples at acidic
pH, and reaction buffer was added to pH 7 samples. The 0.5 mm slits and crossed polarizers on
excitation and emission beams were used to reduce excitation and emission light intensity. The
fold change of fluorescence intensity was calculated after 60 seconds, EsxA-AZ488 1:0 value was
used as a relative value for statistical analysis. Two-way ANOVA with a Tukey multiple
comparison test was used for statistical significance analysis.
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3.3 Results
FRET did not show the pH-dependent dissociation of EsxA and EsxB
The current model of EsxA:EsxB pH-dependent dissociation describes that under acidic
pH, EsxA goes through a pH-dependent conformational change and dissociates from EsxB prior
membrane permeabilization (Aguilera et al., 2020; De Jonge et al., 2007; De Leon et al., 2012;
Peng & Sun, 2016). However, EsxA:EsxB physical dissociation under acidic conditions has not
been demonstrated yet. Here, we studied the EsxA and EsxB pH-dependent dissociation using
FRET, an assay that can show the physical interaction of two molecules that are within 10-100 Å
(Poulsen et al., 2014).

Figure 6. EsxA and EsxB pH-dependent dissociation using FRET. EsxA was labeled with Alexa 546, and EsxB was labeled with
Alexa 647.
Energy transfer should occur if both molecules are within 100 Å. The experimental design was based on (Poulsen et al., 2014).
EsxA (1 µM) and EsxB (1 µM) were reconstituted as described in the methods section. The labeled protein samples were excited
at 556 nm. EsxB fluorescence at Ex 556 nm was considered as background and subtracted. The fluorescence spectra were recorded
from 550 nm to 750 nm at 37 °C. A) EsxA and EsxB association in real-time at pH 7. B) EsxA and EsxB association in real-time
at pH 4. C) One-way ANOVA was performed for (A) and (B) fluorescence at 673 nm *(p<0.05)
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Figure 7. EsxA Alexa 546 and EsxB Alexa 647 native gel.
The association between the labeled proteins was verified by using a native gel. EsxA Alexa 546 (1 µM) and EsxB Alexa 647 (1
µM) were reconstituted as described in the methods section. Non labeled EsxA:EsxB heterodimer was loaded as an association
control.

The energy transfer from the donor to the acceptor was measured at 673 nm. At pH 7, the
heterodimer showed a 1.14 folds of fluorescence increase, compared to EsxB Alexa 647 (Fig 6A).
Similarly, under acidic pH, the heterodimer showed a 1.23 folds of fluorescence increase compared
to EsxB Alexa 647 (Fig 6B). However, we did not find a significant difference between the
heterodimers at (pH 7 and acidic pH) with the EsxB Alexa 647 fluorescence. The scarce
heterodimer fluorescence at pH 7 and acidic pH could not be interpreted. The heterodimer
fluorescence increase at 673 nm was insignificant (Fig 6C). The previous results suggested that
the labeled proteins were unable to associate. Hence, we made a native gel with the labeled proteins
to verify if EsxA Alexa 546 and EsxB Alexa 647 could associate. The labeled EsxA (Alexa
546):EsxB ( Alexa 647) heterodimer showed a similar band to the EsxA:EsxB heterodimer (Fig
7). The positions of the monomeric EsxA and EsxB bands are consistent with the results in our
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previous publication (De Leon et al., 2012). Native gel electrophoresis has shown that the majority
of EsxB Alexa 647and EsxA Alexa 546 interacted and formed heterodimers.

The fluorophore/quencher assay demonstrated the direct association between EsxA and
EsxB
While the native gel electrophoresis has confirmed that the fluorescently labeled proteins
interact to form heterodimers, we did not observe apparent heterodimer dissociation with FRET.
It is not clear why the FRET signal was not detected. It could be due to the low FRET signal or a
high background. We propose that detecting the heterodimer dissociation by looking for the
decrease of FRET signal is challenging. Thus, we decided to modify the approach of the FRET
assay. Instead of using a donor/acceptor FRET pair, we used a fluorophore/quencher pair. If the
labeled proteins bind to each other, the emitted fluorescence of the labeled protein will be
quenched. If they are dissociated, the quenching of the fluorophore fluorescence will be released.
EsxA was labeled with AZ-A488, and EsxB was labeled with SY-7, as described in the methods
section.

Figure 8. EsxA and EsxB pH-dependent dissociation assay using a fluorophore/quencher pair. EsxA was labeled with AZ488,
and EsxB was labeled with SY-7. SY-7 quenches fluorescence between 500-600 nm.
The fluorophore should be quenched if both molecules are within 100 Å. EsxA and EsxB were reconstituted as described in the
methods section. POPC/POPG liposomes were added to correlate membrane permeabilization and heterodimer dissociation. The
labeled protein samples were excited at 480 nm. The fluorescence spectra were recorded from 500 nm to 700 nm at 37 °C. A) EsxA
and EsxB pH-dependent dissociation assay at pH 7. B) EsxA and EsxB pH-dependent dissociation assay at acidic pH. C) One-way
ANOVA was performed for (A) and (B) fluorescence at 520nm *(p<0.05).
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The heterodimers were reconstituted by mixing EsxA AZ 488 and EsxB SY-7 in a 1:0, 1:1,
1:2, and 1:4 molar ratio. POPC/POPG liposomes were added to the heterodimer samples to
correlate the heterodimer pH-dependent dissociation with the MPA of the heterodimer. At pH 7,
incorporation of EsxB SY-7 at 1:1, 1:2, and 1:4 molar ratio decreased the fluorescent intensity of
EsxA AZ 488 by 0.24, 0.35, and 0.46 folds, respectively (Fig 8A). The fluorescence of EsxA AZ
488 decreases according to the ratio of EsxB SY-7 added. Similarly, at acidic pH conditions,
incorporation of EsxB SY-7 at 1:1, 1:2, and 1:4 molar ratio decreased the fluorescence intensity
of EsxA AZ 488 by 0.24, 0.35, and 0.34 folds, respectively (Fig 8B). The statistical analysis
between the heterodimers did not show a significant difference at pH 7 and acidic pH conditions
(Fig 8C). The results suggest that EsxA is still bound to EsxB at acidic pH and might not dissociate
completely prior to membrane permeabilization.

The EsxA T2A:EsxB and the EsxA:EsxB did not dissociate at acidic pH conditions.
To confirm that EsxA:EsxB dissociates partially at acidic pH conditions. We conjugated
EsxA T2A with AZ 488 and reconstituted the heterodimer with EsxB SY-7. As described
previously, it is believed that the EsxA T2A: EsxB heterodimer does not dissociate at acidic pH
due to the lack of EsxA Nα-acetylation. At pH 7, incorporation of EsxB SY-7 at 1:1 and 1:2 molar
ratio reduced the florescent intensity of EsxA T2A (AZ 488) by 0.05 and 0.15 folds, respectively
(Fig 9C). Similarly, incorporation of EsxB SY-7 at 1:1 and 1:2 molar ratio decreased the
fluorescent intensity of EsxA T2A (AZ 488) by 0.12 and 0.14 folds at acidic pH conditions,
respectively (Fig 9E). The statistical analysis of the EsxA T2A: EsxB has shown fluorescence
increase between any heterodimer ratio at pH 7 and acidic pH conditions (Fig 9F). Our results
show that EsxA T2A does not dissociate from EsxB at acidic pH conditions (Aguilera et al., 2020).
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EsxA:EsxB showed similar results as our previous assay (Fig 8). At pH 7, incorporation
of EsxB SY-7 at molar ratios 1:1 and 1:2 decreased the fluorescent intensity of EsxA (AZ 488) by
0.49 and 0.60 folds, respectively (Fig 9A). The fluorescence of EsxA AZ 488 decreases according
to the ratio of EsxB SY-7 added. Similarly, incorporation of EsxB SY-7 at 1:1 and 1:2 molar ratio
decreased fluorescence intensity of EsxA AZ 488 by 0.52 and 0.58 folds at acidic pH conditions,
respectively (Fig 9B). The statistical analysis of the EsxA:EsxB WT heterodimer did not show a
significant fluorescence increase between any heterodimer ratio at pH 7 and acidic pH (Fig 9C),
suggesting that EsxA:EsxB WT might not dissociate completely at acidic pH. It is worth
mentioning that the EsxA:EsxB showed more quenching than the EsxA T2A: EsxB heterodimer.
The reason for this significant quenching is that EsxA WT showed a higher labeling efficiency
than EsxA T2A.

Figure 9. EsxA:EsxB and EsxA T2A: EsxB pH-dependent dissociation assay using a fluorophore/quencher pair. EsxA (WT and T2A) was
labeled with AZ488, and EsxB was labeled with SY-7. SY-7 quenches.

The fluorophore should be quenched if both molecules are within 100 Å. EsxA and EsxB were were reconstituted as described in
the methods section. POPC/POPG liposomes were added to correlate membrane permeabilization and heterodimer dissociation.
The heterodimer samples were excited at 480 nm. The fluorescence spectra were recorded from 500 nm to 700 nm at 37 °C. A)
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EsxA and EsxB pH-dependent dissociation association at pH 7. B) EsxA and EsxB pH-dependent dissociation association at acidic
pH. C) One-way ANOVA was performed for (A) and (B) *p(<0.05) fluorescence at 520 nm. D) EsxA T2A and EsxB pH-dependent
dissociation at pH 7. E) EsxA T2A and EsxB pH-dependent dissociation at acidic pH. F) One-way ANOVA was performed for
(D) and (E) *p(<0.05) fluorescence at 520 nm

Finally, we verified if the pH-dependent dissociation was a rapid event that we could not
record with a spectra measurement. If EsxA and EsxB have a dynamic interaction, the fluorescence
of EsxA AZ 488 might increase or decrease during the spectra scan. We reconstituted heterodimers
by incubating EsxA (WT and T2A) and EsxB heterodimers in a 1:0, 1:1 and 1:2 molar ratio,
respectively. Then the conjugated heterodimers (EsxA:EsxB and EsxA T2A:EsxB) were excited
at 480 nm. The heterodimer fluorescence was recorded at 520 nm for 150 seconds. After 30
seconds of incubation, the cuvettes were injected with a 1/10 cuvette volume of 1 M sodium acetate
pH 4 (final concentration 100 µM) to trigger the pH-dependent dissociation (Fig 10A and Fig
10B). The signal after 60 seconds from the starting point was stable and taken as the base line. The
EsxA:EsxB WT 1:1 and 1:2 heterodimers showed a 0.01 fluorescence change after 60 seconds.
Similarly, the EsxA(T2A): EsxB 1:1 and 1:2 showed a 0.01 fluorescence change after 60 seconds
(Fig 10C). Our results show that EsxA is within EsxB during the whole assay at acidic pH.

Figure 10. EsxA:EsxB and EsxA T2A:EsxB dissociation kinetic assay using a fluorophore/quencher pair.

The fluorescence intensity of the EsxA:EsxB pairs were recorded for 150 seconds. The heterodimers were were
reconstituted as described in the methods section. POPC/POPG liposomes were added to correlate membrane

permeabilization and heterodimer dissociation. The labeled protein was excited at 480 nm and the fluorescence was
recorded at 520 nm at 37 °C. After 30 seconds, sodium acetate 1 M (final concentration 100 µM) was injected to turn
the pH acidic. The signal after 60 seconds from the experiment starting point was stable and taken as the base line. A)
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EsxA WT and EsxB kinetic assay. B) EsxA T2A and EsxB kinetic assay. C) Two-Way ANOVA with a Tukey multiple
comparison tests was performed for (A) and (B) *(p<0.05) fluorescence at 520 nm.

3.4 Discussion
To study the direct dissociation of EsxA:EsxB, we used FRET, a technique that has been
used previously to study the EsxA and EsxB heterodimer and monomer interactions (Poulsen et
al., 2014). This study studied diverse interactions between WxG proteins, but pH-dependent
dissociation was not tested. Hence, we replicated their methodology to show the association of
EsxA and EsxB at pH 7 and their dissociation at low pH. We could not replicate the published
results from the Poulsen group, due to technical details that were not specified in their publication.
The energy transfer between EsxA Alexa 546 (donor) and EsxB Alexa 647 (acceptor) was
insignificant at pH 7 and acidic pH (Fig 6).
Furthermore, there was no significant difference between the energy transferred at pH 7
and low pH conditions. The low energy transfer suggests that our labeled proteins were not
interacting. Hence, we loaded the labeled heterodimer into a native gel to verify the heterodimer
interaction (Fig 7). The native gel verified that the labeled proteins could bind each other. Thus,
we designed another method to show the EsxA:EsxB pH-dependent dissociation.
We thought it would be easier to record fluorescence quenching than energy transferred.
Hence, we looked for a fluorophore/quencher pair that could be used to study the EsxA:EsxB pHdependent dissociation. At pH 7, the fluorescence of EsxA AZ-480 was reduced by EsxB SY-7 in
a concentration-dependent manner. At acidic pH EsxA AZ-480 showed equivalent results (Fig 8).
To verify our results, we compared the EsxA T2A AZ488 fluorescence reduction in EsxB SY-7
presence. EsxA:EsxB WT and EsxA T2A: EsxB pairs showed lower fluorescence at pH 7 and low
pH conditions (Fig 9). Furthermore, EsxA AZ-488 (WT and T2A): EsxB did not show any
significant fluorescence change after injecting sodium acetate at pH 4 for over 60 s. The results of
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these assays show that EsxB is within EsxA at acidic pH. Computational models have shown that
under acidic pH, the Nα-acetylation of EsxA generates a dragging force that helps EsxA dissociate
from EsxB (Aguilera et al., 2020). However, this force might not be enough to dissociate the
heterodimer. Our results highlight the role of EsxB as EsxA chaperone, stabilizing EsxA structure
at 37 °C and at acidic pH (Reyes et al., 2020).
Early studies about EsxA:EsxB characterization have shown that the heterodimer is a stable
structure at acidic pH and suggested studying the heterodimer membrane interaction as a complex
(Lightbody et al., 2008). Further characterization of the heterodimer as a complex is needed to
understand the membrane disruption mechanism. The C-terminus of EsxB is an interesting
sequence to be studied due to their relevance in Mtb pathogenesis. Moreover, the effect of the
EsxB C-terminus deletion in the MPA of EsxA:EsxB has not been explored.
We do not discard the possibility that other factors participate in the heterodimer
dissociation. i.e., PDIM enhances the MPA of EsxA and modifies the host membrane fluidity and
composition (Augenstreich et al., 2017, 2020). These membrane modifications might allow EsxA
to dissociate from EsxB to disrupt the membrane. The effect of PDIM in the MPA of EsxA:EsxB
has not been explored yet and might be relevant to understand the Mtb translocation mechanism.

3.5 Conclusion
Our results support a model in which at low pH EsxA dissociates partially from EsxB.
Further characterization is needed to describe if there are other factors involved in the EsxA:EsxB
heterodimer dissociation.
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CHAPTER 4. AIM 3-TO CHARACTERIZE THE EFFECTS OF ESXB CTERMINAL DELETION ON THE MPA OF THE ESXA:ESXB
HETERODIMER.
4.1 Introduction
The role of EsxB in Mtb pathogenesis, a chaperone of EsxA
EsxA and EsxB are major virulence Mtb virulence factors involved in pathogenesis and
intracellular survival. These proteins are part of the WxG100 protein superfamily. The
characteristics of the WxG100 family members are: α-helical proteins that are ∼ 100 residues in
length, with a WxG (Trp-Xaa-Gly) motif. WxG proteins form dimers with themselves or other
proteins (Poulsen et al., 2014).
The in vitro characterization of EsxA has demonstrated that EsxA interacts and destabilizes
the membrane (De Jonge et al., 2007; De Leon et al., 2012). In contrast, EsxB has not shown MPA
and has been described as an EsxA chaperone (De Jonge et al., 2007). The structural analysis of
the heterodimer demonstrated that EsxB stabilizes the EsxA structure at 37 °C (Lightbody et al.,
2008; Renshaw et al., 2005). Recently, our research group demonstrated experimentally that EsxB
stabilizes EsxA MPA at 37 °C (Ray et al., 2019; Reyes et al., 2020).

The secretion and heterodimer attachment of EsxA:EsxB are dependent to the C-terminus
of EsxB
EsxA and EsxB N- and C-termini are flexible sequences that are free while the heterodimer
is associated is associated (Abdallah M. Abdallah, Nicolaas C. Gey van Pittius et al., 2007;
DiGiuseppe Champion et al., 2006, 2009). These terminal domains form flexible arms that do not
interact with the alpha helixes (Lightbody et al., 2008). In EsxA, the N- and C- termini are
necessary for the MPA of EsxA (Ma et al., 2015).
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ESX substrates have a secretion signal in the C-termini that is recognized by a specific
AAA ATPase anchored to the membrane. After recognition, Mtb simultaneously secretes the
EsxA:EsxB heterodimer with EspA:EspC (DiGiuseppe Champion et al., 2009). The deletion of
the C-terminus of EsxB decreased the heterodimer adhesion to monocytes, suggesting that it might
play a role in Mtb translocation (Renshaw et al., 2005). However, the characterization of the
heterodimer was found to be less relevant once EsxA activity was characterized in vitro without
EsxB (De Jonge et al., 2007).

EsxB may affect the EsxA function after acidification.
Recently, we have characterized the MPA of EsxA:EsxB by using POPC/POPG liposomes.
The POPC/POPG liposomes mimic the inner leaflet membrane fluidity and charge of the
phagosomal membranes. It is believed that EsxA dissociates from EsxB prior to membrane
permeabilization (De Jonge et al., 2007; De Leon et al., 2012). However, the results in Aim 2
showed that EsxA might not dissociate completely from EsxB completely at acidic pH, suggesting
that EsxB play a more active role in the MPA of EsxA:EsxB. The structural analysis of EsxB has
shown that the last 10 residues of EsxB do not interact with EsxA structure (Lightbody et al.,
2008). Hence, deleting the C-terminus of EsxB should not affect the EsxA:EsxB structure stability.
We hypothesize that the C-terminus of EsxB might play a role in the MPA of the EsxA:EsxB. If
EsxB is involved indirectly in MPA, it would help solve the membrane permeabilization
mechanism of Mtb.
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4.2 Methods
Construction of EsxBΔC mutant
The EsxB C-terminal residues (91-105) were deleted to create the EsxBΔC mutant by
overlapping PCR. Two sets of primers were designed for this purpose (Table 4). The PCR
amplicon was inserted into the pMyNT vector through the NcoI and BamHI sites. The EsxBΔC
mutation was confirmed by sequencing.

Primer name

Table 4 EsxBΔC mutant primer design
Sequence
PCR reaction set
GAGCCATGGCAGAGATG

NcoIC10F pMyNT

First

AAGACCGATG
AGCTCCCGGCTGCTCCTC First
GTCACTGGGCGATTATG

D90C10R pMyNT

CTTT
TCGAGGGCCGACGAGGA

Second

GCAGTGACCCGCTAATA
CGAAAAGAAACGGAGC
D90E6F pMyNT

A
GAGGGATCCTTATGCGA

E6BamHIR pMyNT

Second

ACATCCCAGT

Expression of EsxBΔC mutant in Ms
The EsxBΔC mutant was expressed and purified in Ms as described in Aim 1. Briefly, Ms
were electroporated with the pMyNT EsxA:EsxBΔC construct. The transformed cells were
selected in 7H10 plates with hygromycin (100 µg/mL) and incubated for 4 days at 37 °C. The Ms
pre-culture was started by inoculating 50 mL of 7H9 supplemented media and hygromycin (100
µg/mL) with the transformed colonies. The preculture was incubated at 37 °C 250 rpm until a 2.0
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O.D. (600 nm). The pre-culture was used to inoculate a 1000 mL 7H9 expression media with a
final O.D. 0.05 (600 nm). The expression of EsxA:EsxBΔC was induced by adding acetamide (2
% w/v) at 1.2 O.D. (600 nm) and collected by centrifugation at 14000 rpm for 10 mins at 4 °C.
The cells were resuspended and lysed by sonication. Then, the soluble protein was extracted from
the total lysate by centrifugation at 18,000 rpm for 1 hour at 4 °C. The soluble fraction was loaded
into a Ni2+ column and eluted with an imidazole gradient. Finally, the peak fractions were
concentrated and passed through at Superdex 75 column to remove impurities. The purified
heterodimer was stored at 80 °C until use.
Time lapse intensity measurement of EsxA:EsxBΔC membrane permeabilization by
ANTS/DPX fluorescence dequenching
EsxA:EsxBΔC MPA was measured using POPC/POPG liposomes. The liposomes were made as
described in Aim 1.
The fluorescence dequenching of EsxA, EsxA:EsxB, and EsxA:EsxBΔC in real time was
performed as described in previous publications (De Leon et al., 2012; Ma et al., 2015; Reyes et
al., 2020; Q. Zhang et al., 2016). The ANTS/DPX fluorescence dequenching was measured in an
ISS-K2 multiphase frequency and modulation fluorometer with excitation at 380 nm and emissions
were recorded at 520 nm. The liposomes (800 mM) containing ANTS/DPX were diluted into 1.35
mL of gel filtration buffer at pH 7.4, which had 4.76 μM of EsxA or EsxA:EsxB. The liposomes
and proteins were incubated for 15 minutes at 37 °C in the fluorometer. Following incubation, the
fluorescence base line of the samples was monitored for 30 seconds, and 1/10 volume (150 µL) of
1 M sodium acetate (pH 4.0) was injected into the cuvette to turn the pH acidic. The samples were
continuously stirred during the experiment, and crossed polarizers on excitation and emission
beams and a 515 nm long-pass filter were used to reduce the background scatter. The fold change
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of ANTS fluorescence with the samples were calculated by using EsxA with DOPC liposomes as
a control. The rates of ANTS fluorescence dequenching were calculated in GraphPad Prism by
curve fitting, plateau followed by a one phase association 𝑦 = 𝐼𝐹(𝑥 < 𝑥0 , 𝑦𝑜 , 𝑦0 + (𝑃𝑙𝑎𝑡𝑒𝑎𝑢 −
𝑦0 ) ∗ (1 − 𝑒 (𝑥−𝑥𝑜 ) )). One-way ANOVA was used for statistical significance analysis.
Time lapse intensity measurement of NBD fluorescence for EsxA membrane insertion
In our previous publications, the NBD-labeled EsxA S35C was successfully used to directly
confirm the insertion of EsxA into the liposome membranes (Ma et al., 2015; Ray et al., 2019; Sun
et al., 2007, 2008; Q. Zhang et al., 2016). Recently, we demonstrated the membrane insertion of
the EsxA:EsxB heterodimer into POPC/POPG liposomes (Reyes et al., 2020). Thus, we compared
the membrane insertion of EsxA:EsxB to EsxA:EsxBΔC in POPC/POPG liposomes. The NBDlabeled EsxA S35C (Labeling efficiency ~ 75%) was incubated with EsxB and EsxBΔC in an
equimolar ratio for ON at 4 °C. The NBD fluorescence was measured in the ISS-K2 multiphase
frequency and modulation fluorometer with excitation at 488 nm and emission at 544 nm. The
NBD-labeled EsxA S35C, EsxA S35C:EsxB and EsxA S35C:EsxBΔC heterodimers (1.36 μM)
were incubated with 800 mM of the liposomes at 4 °C for 30 mins in the buffer (20 mM TrisHCl
and 100 mM NaCl, pH 7.4) as previously described (Ray et al., 2019). The liposome/protein
mixtures were incubated for 15 mins at 37 °C in the fluorometer with continuous stirring.
Excitation and emission beams were cross polarized, and a 520 nm long-pass filter was used to
reduce the back-ground scatter. After the addition of 1/10 volume of 1 M sodium acetate (pH 4.0),
the NBD fluorescence emission was monitored. The fluorescence fold of change was calculated
for each sample by using the sample EsxA with DOPC liposomes as a control.
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4.3 Results
Expression and purification of EsxA:EsxBΔC from Ms
We have demonstrated that EsxB does not show MPA (De Leon et al., 2012). More
recently, we were able to show the MPA of the EsxA:EsxB heterodimer with a POPC/POPG
liposme model (Reyes et al., 2020). The MPA of the heterodimer was not recorded before due to
chemical characteristics of the DOPC liposomes. The characterization of the MPA of EsxA:EsxB
brought new questions about the membrane dirsuption mechanism of EsxA:EsxB. Specifically,
the exact role of EsxB in EsxA-mediated membrane disruption during and after acidification
remains unclear. There have been reports that the C-terminus of EsxB is necessary for the
heterodimer secretion and the attachment of the heterodimer to monocytes (DiGiuseppe Champion
et al., 2006, 2009; Renshaw et al., 2005). Thus, we deleted the last ten residues of the EsxB C
terminus by overlaping PCR to create an EsxBΔC protein.

Figure 11. EsxBΔC sequence.
EsxBΔC sequence was generated by overlapping PCR. The sequence was inserted in the pMyNT vector to express the
EsxA:EsxB ΔC heterodimer in Ms.

The EsxA:EsxBΔC was cloned into the pMyNT vector, a plasmid that is used to express
Mtb proteins in Ms The EsxBΔC mutant sequence in pMyNT was confirmed by sequenciation
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(Fig 11).Then the pMyNT EsxA:EsxBΔC construct was electroporated into Ms The mutant was
expressed and induced with acetamide as described in previous publications (Aguilera et al., 2020;
Poulsen et al., 2010; Reyes et al., 2020). The EsxA:EsxBΔC induction was demonstrated by SDS
PAGE. The EsxBΔC was 10.2 kDa and was majorly present in the total and soluble fractions. The
EsxA band is visible at 9.2 kDa in the total and soluble fractions (Fig 12A).
Finally, we escalated the expression of EsxA:EsxBΔC by inoculating 4 liters of 7H9
expression media. The M.smegmatis cells expressing EsxA:EsxBΔC were collected and purified
as described in previous publications (Aguilera et al., 2020; Reyes et al., 2020). After purification,
we confirmed the purity of our EsxA:EsxB ΔC heterodimer by SDS PAGE, the EsxBΔC and EsxA
bands are seen at 10.2 kDa and 9.2 kDa as expected (Fig 12B).

Figure 12. Expression and purification of EsxA:EsxBΔC in Ms.
(A) Ms was electroporated with pMyNT (EsxA:EsxBΔC), EsxA:EsxBΔC was induced at a 1.2 O.D. A) The before induction
sample (BI) was collected and processed into three fractions: total lysate (T), soluble fraction (S), and insoluble fraction (I). The
samples after induction (AI) were collected 24 h after induction and processed into three fractions: total (T), soluble (S) and
insoluble (I). EsxBΔC band was shown at 11 kDa, and EsxA band showed at 9.2 kDa. Both bands were found only in the AI
samples. B) The purified EsxA:EsxBΔC heterodimer was examined by SDS PAGE. Protein purification was performed as
described in Aim 1. The EsxA and EsxBΔC proteins were eluted through a Ni2+ affinity column using an imidazole gradient. Then,
the eluted protein was injected into a Superdex 75 column for further purification.
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The C-terminus of EsxB decreased membrane insertion of the EsxA:EsxB heterodimers
into POPC/POPG liposomes
In our previous publications we characterized the ability of EsxA and EsxA:EsxB to disrupt
liposomes by two different assays, NBD labeled protein insertion, and ANTS/DPX leakage in
liposomes. We incubated the NBD-labeled EsxA S35C with EsxB and EsxBΔC in a 1 to 1 molar
ratio to form the EsxA:EsxB and EsxA:EsxBΔC heterodimers. Then, the heterodimers were
incubated with the POPC/POPG liposmes at 37 °C as described in the methods section. EsxA by
itself showed the highest insertion in comparsion to any heterodimer, similarly as our previous
report data (Reyes et al., 2020) (Fig 13A and Fig 13B). However, the EsxA:EsxB WT heterodimer
showed more insertion into the POPC/POPG liposmes than the EsxA:EsxBΔC heterodimer (Fig
13A and Fig 13B). The previous data showed that the C- terminus of EsxB decreased the
EsxA:EsxB insertion into the liposomes.

Figure 13. EsxBΔC decreased the membrane insertion of the EsxA:EsxB heterodimer into the POPC/POPG liposomes.
(A) The NBD labeled EsxA, EsxA:EsxB, and EsxA:EsxBΔC were pre-incubated with POPC/POPG liposomes at 37 °C for 15
mins. Then, they were transferred to a cuvette in a fluorometer, and NBD fluorescence intensity was monitored in real-time. EsxA
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membrane insertion was triggered by addition of 1/10 volume of 1 M sodium acetate. (B) Relative fold of change of NBD
fluorescence intensity of the EsxA:EsxBΔC and WT heterodimers in POPC/POPG liposomes. The rate of EsxA-mediated
disruption of DOPC liposomes at 37 °C was set as a control. Standard deviation (SD) is shown in the error bars. One-way ANOVA
with multiple comparison test was performed for (B) (p<0.0001) ****, ***(p 0.0001). The experiment was done in triplicates and
replicated at least three times for the statistical analysis.

The C-terminus domain of EsxB did not decrease membrane disruption of the EsxA:EsxB
heterodimers into POPC/POPG liposomes
To confirm the previous results, we used the ANTS/DPX leakage assay, another technique
widely used by our research group (De Leon et al., 2012; Ma et al., 2015; Reyes et al., 2020; Q.
Zhang et al., 2016, 2020). ANTS/DPX leakage measures the liposome disruption caused by a
protein in real time. Similarly as the NBD-insertion assay, we incubated EsxA with EsxB and
EsxBΔC in a 1:1 ratio to reconstitute the heterodimers. Then, the heterodimers were incubated
with POPC/POPG liposomes at 37 °C for 15 minutes. The assay was performed as described in
previous publications (Reyes et al., 2020). The EsxA:EsxBΔC showed a similar MPA as the WT
(Fig 14A). EsxA by itself showed a slightly lower membrane permeabilization as seen in our
previous publications (Reyes et al., 2020) (Fig 14B). The ANTS/DPX assay is considered as a
functional assay, compared to NBD insertion. The combined data of these two assays suggest that
the EsxA:EsxBΔC did not insert to the membrane as efficiently as WT, but it is still able to disrupt
the liposomes.
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Figure 14. The EsxA:EsxBΔC heterodimer has a similar MPA as EsxA:EsxB WT.
(A) The ANTS/DPX leakage was measured with POPC/POPG liposomes. The liposomes were pre-incubated with purified proteins
at pH 7 at 37 °C for 15 mins. Then, they were transferred to a cuvette in a fluorometer, and ANTS fluorescence was monitored in
real-time. The heterodimer-mediated membrane permeabilization was triggered by addition of 1/10 volume of 1 M sodium acetate.
(B) The curves of ANTS fluorescence intensity were fit into a nonlinear regression (plateau followed by a one-phase association),
and the initial rate of membrane disruption was calculated. The rate of EsxA DOPC at 37 °C was set as a control. SD is indicated
in the error bars. One-way ANOVA with multiple comparison test was performed for (A) (p<0.05) *, (p<0.01) **, (p<0.005)***,
(p<0.0001) **** The experiment was done in triplicates and replicated at least for three times for statistical analysis.

4.4 Discussion
In our previous publications, we characterized the activity of EsxA and EsxA:EsxB to
better understand the membrane diruption mechanism of the complex. It is well known that EsxB
does not disrupt liposomes, but stabilizes the MPA of EsxA at 37 °C. This finding intrigued us to
look at EsxB domains that might be involed in the heterodimer membrane disruption. In the
litarure, the C -terminus of EsxB has been implicated in EsxA:EsxB secretion and adhesion to
monocytes. Furthermore, the structural analysis of EsxA:EsxB perfomed by other research groups
did not show that the last 10 residues play a key role in the ineraction between EsxA:EsxB. Thus,
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after deleting the last ten residues of EsxB, the protein will still be able to interact with EsxA, but
might affect the heterodimer MPA.
To solve the mechanism of Mtb-mediated membrane disruption, most research groups had
focused their attention in EsxA by itself. However, the characterization of EsxA:EsxB as a
complex has not been widely studied. We expressed EsxBΔC in Ms to keep the PTMs. We used
POPC/POPG liposomes to characterize the MPA of EsxA:EsxB ΔC because they are more efficent
than DOPC liposomes for characterizing the the MPA of EsxA:EsxB. The NBD experiments
showed that the EsxA:EsxBΔC heterodimer had a lower instertion into the membrane, but were
still able to disrupt the liposomes. The lower insertion of the EsxA:EsxBΔC heterodimer to the
liposomes is consistent with previous studies with monocytes (Fig 13). However, this is the first
time that the effect of the C -terminus of EsxB in the MPA is reported. The EsxA:EsxBΔC showed
similar activity to the WT heterodimer. Thus, the C-terminus of EsxB might not be invloved
indirectly in the MPA of EsxA:EsxB.
As disscused in Aim 2, EsxA might not dissociate completely from EsxB at acidic pH.
EsxA and EsxB form an stable heterodimer, which protects EsxA activity at physiologycal
conditions. Other Mtb substrates might be involved in the membrane disruption, like EspC and
EspF. These proteins are co-secreted simultaneusly with EsxA:EsxB. However, there are no
reports about EsxA:EsxB forming pore-like complexes with EspC or EspF.

4.5 Conclusions
The C -terminus of EsxB is involved in membrane interaction of the EsxA:EsxB
heterodimer but its deletion did not decrease the MPA of the heterodimer.
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CHAPTER 5. GENERAL DISCUSSION
Over the last decade our research group has been focusing on investigating the mechanism
of the EsxA-medicated Mtb cytosolic translocation (Aguilera et al., 2020; De Leon et al., 2012;
Ma et al., 2015). Our earlier research showed that Mtb EsxA could permeabilize membranes while
its Ms orthologue could not (De Leon et al., 2012). We have obtained direct evidence of EsxA
insertion into liposomal membranes, forming a membrane-spanning structure (Ma et al., 2015).
More recently, we have shown that EsxA is Nα-acetylated in mycobacteria, these PTMs are
required for Mtb virulence. Furthermore, we have proposed a model that under acidic conditions,
the Thr2 acetylation might create a dragging force that helps the heterodimer dissociate (Aguilera
et al., 2020). This study characterizes the EsxA:EsxB heterodimer with a liposome model based
on the chemical characteristics of the macrophage interleaflet membrane composition and studies
the role of EsxB in membrane permeabilization.
Numerous studies have described the phagosome disrupting activity of the EsxA:EsxB
heterodimer (De Jonge et al., 2007; DiGiuseppe Champion et al., 2006; Simeone et al., 2012; Smith
et al., 2008). However, it is difficult to characterize the MPA of the heterodimer with the DOPC
liposomes. We have demonstrated that the low MPA of EsxA:EsxB with DOPC liposomes was
due to chemical characteristics of the lipids. We showed that the POPC/POPG liposome improved
the MPA of EsxA and allowed us to characterize the MPA of EsxA:EsxB. The POPC/POPG
liposome mimics the inner leaflet of the plasma membrane in terms of fluidity and charge. Using
PC and PG lipids makes this model applicable to other protein-membrane interactions. This model
membrane will help other groups study the MPA of EsxA:EsxB and other pore forming proteins
of intracellular pathogens.
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The enhanced MPA of EsxA shown with the POPC/POPG liposome confirmed that EsxA
interaction depends on the membranes' physical properties (Ray et al., 2019). Recently, the MPA
of EsxA has been under debate. The MPA of EsxA has been attributed to a residual detergent
ASB-14 used for EsxA purification (Conrad et al., 2017). Moreover, the detergent-free EsxA could
not lysate sheep’s RBC at 33 °C. However, the absence of RBC lysis could be attributed to the
EsxA stability at 33 °C (De Jonge et al., 2007; Smith et al., 2008) and membrane rigidity (Ray et
al., 2019). Our previous publication showed that the EsxA structure is thermally stable at 35 °C
through CD spectrum analysis (Ray et al., 2019). The MPA of EsxA was enhanced at 37 °C
compared to room temperature. Hence, EsxA permeabilizes membranes more efficiently at 37 °C,
but its structure is less organized.
The EsxA:EsxB heterodimer is thermally stable up to 53 °C. We demonstrated that EsxA
activity quickly declines at 37 °C without EsxB (Reyes et al., 2020). For the first time, we have
shown the EsxB plays a chaperone role in stabilizing EsxA.
First, we focused on the pH-dependent dissociation of the heterodimer. It has been widely
accepted that EsxA dissociates from EsxB upon acidification (Aguilera et al., 2020; De Jonge et
al., 2007; De Leon et al., 2012; Smith et al., 2008).
We studied the direct association between EsxA and EsxB with FRET. Unfortunately, we
faced several technical difficulties in replicating the published results from Poulsen's group. Our
FRET experiments did not show energy transfer between the donor/acceptor pair. We thought the
low acceptor peak was due to no interaction between the fluorescent labeled EsxA and EsxB.
However, we showed EsxA Alexa546 and EsxB Alexa 647 interaction through a native gel at pH
7. We modified the FRET experiment by conjugating EsxA and EsxB with a fluorophore/quencher
pair. At pH 7, the fluorescence of EsxA AZ 488 was quenched dose-dependently by EsxB SY-7.
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Under acidic pH conditions, the fluorescence of EsxA showed comparable results and did not show
a significant increase.
Furthermore, the EsxA T2A:EsxB heterodimer did not show a significant difference
compared to the EsxA:EsxB heterodimer. Previous experiments suggest that the EsxA:EsxB might
partially dissociate under acidic conditions. These findings are supported by structural analysis of
the EsxA;EsxB heterodimer performed at low pH (Lightbody et al., 2008). It was demonstrated
that EsxA:EsxB was stable under low pH conditions. Together, these studies suggest that
EsxA:EsxB might interact in the phagosome as a complex rather than as individual proteins.
The roles of the N- and C-termini of EsxA in membrane disruption have been studied (Ma
et al., 2015; Osman et al., 2022). These amino acid sequences form flexible arms and are involved
in phagosome and liposome membrane disruption (Lightbody et al., 2008). Early publications have
shown that the C-terminus of EsxB has a specific secretion tag used by Mtb to co-secrete the
EsxA:EsxB heterodimer. Furthermore, the co-secretion of EsxA:EsxB might occur simultaneously
with other Mtb virulence factors (DiGiuseppe Champion et al., 2009). The C-terminus of EsxB is
involved in the heterodimer adhesion to monocytes (Renshaw et al., 2005). Here, we characterized
the effect of the C-terminus deletion of EsxB on the MPA of EsxA:EsxB.
The C-terminus deletion of EsxB decreased the insertion of the heterodimer into the
POPC/POPG liposomes. The less insertion might have a similar effect on monocyte adhesion
(Renshaw et al., 2005). However, the ANTS/DPX assay has demonstrated that the EsxA:EsxBΔC
heterodimer could disrupt POPC/POPG liposomes. It is relevant to mention that the ANTS/DPX
leakage assay shows the MPA of a protein in a functional setting. Thus, the C-terminus of EsxB
might not be involved in the membrane permeabilization mechanism. The ANTS/DPX
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experiments performed during this study confirm that the EsxA:EsxB association stabilizes the
MPA of EsxA at 37 °C.
The pH-dependent dissociation model might need further characterization. The liposome
model is an excellent tool for studying the MPA of EsxA in vitro. However, there are several
reports about the modifying immune capacity of EsxA. In an early infection stage, EsxA:EsxB
triggers a pro-inflammatory response to enhance the macrophage uptake of Mtb. Once Mtb has
been phagocytized, EsxA modifies macrophage polarization from M1 to M2, modulating the
immune response (Lim et al., 2016; Refai et al., 2018).
Furthermore, Mtb avoids being digested by arresting phagosome maturation (Brodin et al.,
2010). ESX-1 substrates like EsxA and EsxB are involved in intracellular trafficking, but they are
dispensable for phagosome arrest (MacGurn & Cox, 2007). Thus, in vivo, EsxA:EsxB-dependent
membrane permeabilization might occur at physiological pH. The pH-dependent activity that we
had shown in vitro might be a safety mechanism triggered if Mtb could not arrest the phagosome
maturation.
There is a discrepancy regarding the role of EsxA in membrane disruption after ASB-14
was found to be responsible for EsxA-induced cytolysis (Conrad et al., 2017). Moreover, Mtb
lipidic virulence factors involved in Mtb translocation were found to be more relevant (AstarieDequeker et al., 2009; Augenstreich et al., 2017). An earlier study has shown that the MPA of
EsxA is enhanced in the presence of PDIM (Augenstreich et al., 2017). More recently, it has been
found that PDIM modifies the host membrane fluidity (Augenstreich et al., 2019, 2020). We have
shown that EsxA membrane interaction depends on the membrane lipid composition (Ray et al.,
2019; Reyes et al., 2020), suggesting that EsxA:EsxB takes advantage of the membrane changes
induced by PDIM. Multiple factors might be involved in Mtb cytosolic translocation, making in
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vitro characterization challenging. However, if other virulence factors are involved in the
membrane permeabilization of EsxA:EsxB, they could be tested using the POPC/POPG
liposomes. Moreover, the POPC/POPG liposomes could be used to characterize proteins with
membrane-lytic activity dependent on lipid composition.
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